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(54) Motor-driven power steering apparatus 



(57) A nnotor-driven power steering apparatus in- 
cludes a motor (6) for generating assisting force to be 
Imparted to a steering mechanism, a control signal gen- 
eration section (20) for generating a motor control signal 
on the basis of at least steering torque applied to a steer- 
ing wheel, a motor drive unit for driving the motor in ac- 
cordance with the motor control signal, and a step-up 
circuit (100) provided between a battery to the motor 
drive unit. The step-up circuit (100) includes a step-up 
coil whose one end is connected to the battery, a first 
switching element connected between the other end of 
the step-up coll and the ground, a second switching el- 
ement connected between the other end of the step-up 



coil and an output terminal, and a capacitor connected 
between the output terminal and the ground and 
smoothing output voltage appearing at the output termi- 
nal. The apparatus further includes a step-up circuit con- 
trol unit which detects the output voltage and controls 
the first and second switching elements on the basis of 
difference between a target output voltage and the de- 
tected output voltage. During power generation periods, 
at least the first switching element is turned on and off 
in order to increase the output voltage supplied to the 
motor through step-up operation. During regeneration 
periods, at least the second switching element is turned 
on and off. 
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Description 

BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001 ] The present Invention relates to a motor-driven 
power steering apparatus for imparting assist force to a 
steering system of an automobile or other vehicle by use 
of a motor, and more particularly to a motor-driven pow- 
er steering apparatus having a step-up circuit capable 
of regulating current supplied from an on-vehicle battery 
to the motor. 

Description of the Related Art 

[0002] Conventionally, there has been used a motor- 
driven power steering apparatus which assists opera- 
tion of a steering wheel through utilization of rotational 
force of a motor. In such a motor-driven power steering 
apparatus, when a driver rotates the steering wheel to 
steer the vehicle, the motor imparts to a steering mech- 
anism a steering assist force corresponding to a steer- 
ing torque that the driver applies to the steering wheel. 
[0003] Incidentally, the above-described motor-driven 
power steering apparatus is a system that requires large 
current in order to produce large torque. 
[0004] Conventionally, since voltage output from an 
on-vehicle battery (DC 12 V) is applied directly to a mo- 
tor-driven power steering apparatus, a motor designed 
to operate at DC 1 2V is used therein, with the result that 
large current Is supplied to the motor. Therefore, the size 
of the motor unavoidably increases, and the capacity 
(thickness) of wiring lines to be used unavoidably in- 
creases. 

[0005] In order to solve the above problem, there has 
been proposed a motor-driven power steering appara- 
tus capable of regulating current supplied from an on- 
vehicle battery to a motor (Japanese Patent Application 
Laid-open No. 8-127350). 

[0006] In the motor-driven power steering apparatus, 
as shown in FIG. 51 , a step-up circuit 300 and a step- 
up circuit controller 301 are provided In a circuit for sup- 
plying current to the motor. The step-up circuit 300 is 
provided between a point P1 to which battery voltage 
VpiG (DC 1 2V) is applied from an on-vehlcle battery and 
a point P2 from which voltage is applied to the motor. 
The step-up circuit 300 includes capacitors C1 and C2, 
a coil L, a diode D, and a switching transistor Q1 . 
[0007] The step-up circuit controller 301 outputs a du- 
ty-ratio drive signal to the transistor Q1 of the step-up 
circuit 300 in order to control the transistor Q1 according 
to the duty-ratio drive signal (duty control). By virtue of 
this duty control, the transistor Q1 performs switching 
operation as shown In FIG. 52. As a result, accumulation 
of energy in the coil L and discharge of energy from the 
coil L are repeated, and high voltage generated by virtue 
of discharge appears on the cathode side of the diode 



2 

D. Note that, in FIG. 52, Ta represents an ON period; T 
represents a pulse cycle; and a represents a duty ratio 
(on duty). These definitions will be used throughout the 
present specification. When the transistor Q1 is turned 
5 on, current flows through the coil L, and when the tran- 
sistor 01 is turned off, the current flowing through the 
coll L Is cut off. 

[0008] When the current flowing through the coil L is 
cut off, high voltage is generated on the cathode side of 

10 the diode D so as to prevent magnetic flux from chang- 
ing in response to cut off of the current. Through iteration 
of this operation, high voltage Is generated repeatedly 
on the cathode side of the diode D. The high voltage is 
smoothed by means of the capacitor C2 and is fed to 

IS the point P2 as output voltage Vbpig- 

[0009] The voltage obtained through step-up effected 
by the step-up circuit 300 relates to the duty ratio of the 
duty-ratio drive signal output from the step-up circuit 
controller 301 . When the duty ratio increases, the output 

20 voltage Vbpiq increases; and when the duty ratio de- 
creases, the output voltage Vbpiq decreases. 
[0010] However, since the conventional step-up cir- 
cuit 300 uses the diode D as described above, a problem 
arises when the motor enters a regeneration state. That 

23 is, even when the motor enters a regeneration state, cur- 
rent cannot flow from the voltage application point P2 
toward the battery B, due to presence of the diode D, so 
that the output voltage V^piq increases. Due to this in- 
creased voltage, the step-up circuit 300 may be broken. 

30 In the example shown in FIG. 51 , the capacitor C2 and 
the diode D, which constitute the step-up circuit 300, 
may be broken. 

SUI^MARY OF THE INVENTION 

3S 

[0011] In view of the foregoing, an object of the 
present invention is to provide a motor-driven power 
steering apparatus in which a step-up circuit is not bro- 
ken even when a motor enters a regeneration state. 

40 [0012] In order to achieve the above object, the 
present invention provides a motor-driven power steer- 
ing apparatus for a vehicle, comprising: a steering 
mechanism for steering the vehicle in accordance with 
operation of a steering wheel; a motor mechanically 

45 coupled to the steering mechanism and generating as- 
sisting force to be Imparted to the steering mechanism; 
control signal generation means for generating a motor 
control signal on the basis of at. least steering torque 
applied to the steering wheel; motor drive means for 

so driving the motor in accordance with the motor control 
signal; a step-up circuit provided In a current supply cir- 
cuit extending from a battery to the motor drive means, 
the step-up circuit including a step-up coil whose one 
end is connected to the battery for reception of battery 

ss voltage, a first switching element connected between 
the other end of the step-up coil and the ground, a sec- 
ond switching element connected between the other 
end of the step-up coil and an output terminal, and a 
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capacitor connected between the output temnina) and 
the ground and smoothing output voltage which is pro- 
duced by nneans of the step-up coil and appears at the 
output terminal; and step-up circuit control means for 
detecting the output voltage and controlling the first and 
second switching elements on the basis of difference 
between a target output voltage and the detected output 
voltage in such a manner that during power generation 
periods, at least the first switching element is turned on 
and off in order to Increase the output voltage supplied 
to the motor through step-up operation, and during re- 
generation periods, at least the second switching ele- 
ment is turned on and off. 

[0013] In the motor-driven power steering apparatus 
having the above-described configuration, the step-up 
circuit does not breal( even when the motor enters a re- 
generation state. 

[0014] Preferably, the first and second switching ele- 
ments are each constituted by a field effect transistor. 
In this case, the reliability and efficiency of the motor- 
driven power steering apparatus can be improved. 
[0015] Preferably, the step-up circuit control means 
turns the first and second switching elements on and off 
alternately on the basis of the difference between the 
target output voltage and the detected output voltage in 
such a manner that during power generation periods, 
the output voltage supplied to the motor is Increased 
through step-up operation, and during regeneration pe- 
riods, regenerative current output from the motor flows 
to the battery. 

[0016] In this case, the output voltage supplied to the 
motor can be Increased through step-up operation dur- 
ing power generation periods, and regenerative cun^ent 
output from the motor can flow to the battery during re- 
generation periods. 

[0017] Preferably, the motor-driven power steering 
apparatus further comprises steering state judgment 
means for detennining, on the basis of the difference 
between the target output voltage and the detected out- 
put voltage, whether the motor is in a power generation 
state or In a regeneration state, wherein the step-up cir- 
cuit control means turns at least one of the first and sec- 
ond switching elements on and off on the basis of the 
state of the motor determined by the steering state judg- 
ment means. 

[0018] This configuration prevents the output voltage 
from Increasing during regeneration periods. 
[0019] The step-up circuit control means may turn on- 
ly the first switching element on and off when the steer- 
ing state judgment means determines that the motor is 
in a power generation state, and turn the first and sec- 
ond switching elements on and off alternately when the 
steering state judgment means determines that the mo- 
tor is in a regeneration state. 

[0020] In this case, since the first switching element 
is turned on and off during power generation periods, 
heat generation and loss during power generation peri- 
ods can be reduced as compared with heat generation 
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and loss in a diode used in conventional apparatuses. 
[0021 ] Alternatively, the step-up circuit control means 
may turn only the first switching element on and off when 
the steering state judgment means determines that the 
5 motor is in a power generation state, and turn only the 
second switching element on and off when the steering 
state judgment means detemriines that the motor is In a 
regeneration state. 

[0022] In this case as well, heat generation and loss 

10 during power generation periods can be reduced as 
compared with that of a diode used in conventional ap- 
paratuses. Further, since the second switching element 
Is turned on and off during regeneration periods, heat 
(loss) produced by current which flows through the sec- 

15 ond switching element In on periods can be reduced, 
whereby efficiency can be increased. 
[0023] Alternatively, the step-up circuit control means 
may turn the first and second switching elements on and 
off alternately when the steering state judgment means 

20 determines that the motor Is in a power generation state, 
and turn only the second switching element on and off 
when the steering state judgment means determines 
that the motor is in a regeneration state. 
[0024] In this case, during power generation periods, 

25 the second switching element is turned on for step-up 
operation in order to reduce the quantity of heat (loss) 
generated by current which flows through the second 
switching element In on periods, as compared with that 
generated by current flowing through the parasitic diode 

30 of the second switching element. Thus, efficiency during 
step-up operation (power generation periods) can be in- 
creased. Further, since the second switching element is 
turned on and off during regeneration periods, heat 
(loss) produced by current which flows through the sec- 

35 ond switching element in on periods can be reduced, 
whereby efficiency can be increased. 
[0025] Preferably, a bootstrap circuit including a boot- 
strap capacitor is connected to a line extending between 
the battery and the drain of the first switching element, 

40 the bootstrap circuit being connected to a gate of the 
second switching element as a drive power source for 
the second switching element in order to apply electrical 
potential of the bootstrap capacitor to the gate of the 
second switching element, and the step-up circuit con- 

"15 trol means operates as follows. When the steering state 
judgment means determines that the motor is in a power 
generation state, the step-up circuit control means turns 
the first and second switching elements on and off al- 
ternately. When the steering state judgment means de- 

so termines that the motor Is In a regeneration state, the 
step -up circuit control means turns the second switching 
element on and off and turns the first switching element 
on and off at a duty ratio in aiternating periods of con- 
stant intervals, 

S5 [0026] In this case, the capacitor of the bootstrap cir- 
cuit can be charged through the on-off operation of the 
first switching element during regeneration periods, 
whereby the second switching element can be turned 
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on reliably during regeneration periods. Thus, it be- 
comes possible to absorb regenerative current by the 
battery. 

[0027] Preferably, a bootstrap circuit including a boot- 
strap capacitor may be connected to a line extending 
between the battery and the drain of the first switching 
element, the bootstrap circuit being connected to a gate 
of the second switching element as a drive power source 
for the second switching element in order to apply elec- 
trical potential of the bootstrap capacitor to the gate of 
the second switching element, and the step-up circuit 
control means operates as follows. When the steering 
state judgment means determines that the motor is in a 
power generation state, the step-up circuit control 
means turns the first and second switching elements on 
and off alternately. When the steering state judgment 
means determines that the motor is in a regeneration 
state, the step-up circuit control means perfomris PWM 
control in order to turn only the second switching ele- 
ment on and off at a duty ratio, and restricts the duty 
ratio so as not to exceed a predetermined duty ratio. 
[0028] In this case, during regeneration periods, the 
second switching element can be turned off without fail, 
so that, during such an off period, the electromagnetic 
energy accumulated in the coil can be absorbed by the 
battery. Further, at that time, the parasitic diode of the 
first switching element enters an on state, and the po- 
tential at the connection point between the bootstrap ca- 
pacitor and the parasitic diode assumes the ground lev- 
el, so that the bootstrap capacitor can be charged, and 
thus the second switching element can be driven. 
[0029] Preferably, the motor-driven power steering 
apparatus further comprises load state judgment means 
for determining a load status of the motor, wherein the 
step-up circuit control means tums at least one of the 
first and second switching elements on and off on the 
basis of the steering state as detected by the steering 
state judgment means and the ioad state of the motor 
as detemnined by the load state judgment means. 
[0030] In this case, since at least one of the first and 
second switching elements can be turned on and off on 
the basis of the steering state and the load state of the 
motor, proper control can be performed on the basis of 
the steering state and the load state. 
[0031] Preferably, the step-up circuit control means 
operates as follows. When the steering state Judgment 
means detemnines that the motor is in a power genera- 
tion state, the step-up circuit control means tums only 
the first switching element on and off and maintains the 
second switching element off continuously if the load 
state judgment means determines that the motor is in a 
light load state, and turns the first and second switching 
elements on and off alternately if the load state judgment 
means determines that the motor is in a heavy load 
state. When the steering state judgment means deter- 
mines that the motor is in a regeneration state, the step- 
up circuit control means tums only the second switching 
element on and off. 



[0032] Preferably, a bootstrap circuit including a boot- 
strap capacitor is connected to a line extending between 
the battery and the drain of the first switching element, 
the bootstrap circuit being connected a gate of the sec- 

5 end switching element as a drive power source for the 
second switching element in order to apply electrical po- 
tential of the bootstrap capacitor to the gate of the sec- 
ond switching element, and the step-up circuit control 
means operates as follows. When the steering state 

10 Judgment means determines that the motor Is In a power 
generation state, the step-up circuit control means turns 
only the first switching element on and off and maintains 
the second switching element off continuously if the load 
state judgment means detemnines that the motor is in a 

15 light load state, and turns the first and second switching 
elements on and off alternately if the load state judgment 
means determines that the motor is in a heavy load 
state. When the steering state judgment means deter- 
mines that the motor is in a regeneration state, the step- 

20 up circuit control means turns the second switching el- 
ement on and off and turns the first switching element 
on and off at a fixed duty ratio in alternating periods of 
constant intervals. 

[0033] Alternatively, the step-up circuit control means 

25 operates as follows. When the steering state judgment 
means determines that the motor is in a power genera- 
tion state, the step-up circuit control means turns only 
the first switching element on and off and maintains the 
second switching element off continuously if the load 

30 state judgment means detemnines that the motor is in a 
light load state, and turns the first and second switching 
elements on and off alternately if the ioad state judgment 
means determines that the motor is in a heavy load 
state. When the steering state judgment means deter- 

3s mines that the motor is in a regeneration state, the step- 
up circuit control means performs PWM control in order 
to turn only the second switching element on and off at 
a duty ratio and restricts the duty ratio so as not to ex- 
ceed a predetermined duty ratio. 

40 [0034] In these cases, when the motor is in a light load 
state, only the first switching element Is turned on and 
off, and the second switching element is maintained off 
continuously, so that the heat generation and switching 
loss of the second switching element are reduced to ze- 

45 ro, whereby efficiency can be improved. 

[0035] Alternatively, a bootstrap circuit including a 
bootstrap capacitor is connected to the drain of the sec- 
ond switching element, the bootstrap circuit being con- 
nected a gate of the second switching element as a drive 

so power source for the second switching element in order 
to apply electrical potential of the bootstrap capacitor to 
the gate of the second switching element, and the step- 
up circuit control means operates as follows. When the 
steering state judgment means determines that the mo- 

55 tor is in a power generation state, the step-up circuit con- 
trol means tums the first and second switching elements 
on and off alternately. When the steering state judgment 
means determines that the motor is in a regeneration 
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State, the step-up circuit control means turns only tlie 
second switching element on and off. 
[0036] In this case, during regenerative periods, the 
drain potential of the second switching element increas- 
es due to regenerative power even in a state in which 
the second switching element is maintained off contin- 
uously, so that the gate potential of the second switching 
element can be made higher than the source potential 
thereof. Therefore, the second switching element can 
be turned on in order to allow the battery to absorb re- 
generative current. 

[0037] Preferably, the step-up circuit control means 
includes target output voltage setting means for setting 
a target output voltage of the step-up circuit; control 
computation means for performing at least computation 
for proportional control on the basis of the difference be- 
tween the target output voltage and the detected output 
voltage and for outputting a computed value; and PWM 
computation means for performing PWM computation 
on the basis of the computed value so as to determine 
a duty ratio, wherein the first and second switching ele- 
ments are turned on and off in accordance with the de- 
termined duty ratio; and the target output voltage setting 
means changes the target output voltage in accordance 
with an operation state parameter indicative of an oper- 
ation state of the vehicle or the motor. 
[0038] In this case, since the target output voltage set- 
ting means changes the target output voltage in accord- 
ance with the operation state parameter indicative of an 
operation state of the vehicle or the motor, the first and 
second switching elements can be turned on and off in 
accordance with the operation state. 
[0039] Preferably, the step-up circuit control means 
includes target output voltage setting means for setting 
a target output voltage of the step-up circuit; control 
computation means for performing at least computation 
for proportional control on the basis of the difference be- 
tween the target output voltage and the detected output 
voltage and for outputting a computed value; and PWM 
computation means for perfomnlng PWM computation 
on the basis of the computed value so as to determine 
a duty ratio, wherein the first and second switching ele- 
ments are turned on and off in accordance with the de- 
termined duty ratio; and the step-up circuit control 
means restricts the duty ratio so as not to exceed a pre- 
determined duty ratio. 

[0040] In this case, since duty ratio restriction is pro- 
vided, breakage of the step-up circuit can be prevented 
in both power generation and regeneration periods. 
[0041] Preferably, the motor-driven power steering 
apparatus further comprises status parameter detection 
means for detecting a parameter indicative of states of 
the step-up circuit; and judgment means for comparing 
the parameter detected by the status parameter detec- 
tion means with a judgment value and judging whether 
or not the step-up circuit is normal, wherein the step-up 
circuit control means stops step-up control for the step- 
up circuit when the Judgment means judges that the 
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step-up circuit is not nonmal. 

[0042] In this case, when the step-up circuit suffers a 
failure, the step-up control for the step-up circuit can be 
stopped, whereby breakage of the step-up circuit in an 

5 anomalous state can be prevented. 

[0043] Preferably, the motor-driven power steering 
apparatus further comprises first open-close means 
connected to a battery-voltage supply section of the 
step-up circuit and turned on and off by the step-up cir- 

10 cuit control means; and second open-close means for 
controlling supply of electrical power to the motor, 
wherein when the judgment means judges that the step- 
up circuit suffers a failure, the step-up circuit control 
means turns the first and second open-close means off. 

15 [0044] In this case, when the step-up circuit suffers a 
failure, the motor-driven power steering apparatus can 
be switched to a manual steering mode. In addition, 
since no regenerative current flows into the step-up cir- 
cuit even when the motor enters a regeneration state, 

^ breakage of circuit elements of the step-up circuit can 
be prevented. 

[0045] Preferably, when the judgment means judges 
that the step-up circuit suffers a failure, the step-up cir- 
cuit control means maintains the first switching element 
25 off continuously and maintains the second switching el- 
ement on continuously. 

[0046] In this case, when the step-up circuit suffers a 
failure, assist control at the battery voltage can be con- 
tinued. In addition, during regeneration periods, regen- 

30 erative current can be absort^ed by the battery. 

[0047] Preferably, the motor-driven power steering 
apparatus further comprises first open-close means 
connected to a battery-voltage supply section of the 
step-up circuit and turned on and off by the step-up cir- 

35 cuit control means; and a circuit which includes a first 
resistor connected to a connection point between the 
drain of the first switching element and the battery-volt- 
age supply section and which receives an ignition volt- 
age when an ignition switch is turned on. The step-up 

40 circuit control means includes first element control 
means, operated when the ignition switch is turned on, 
for turning at least the first switching element on or off 
before the first open-close means is turned on; drain 
voltage detection means for detecting drain voltage of 

-^5 the first or second switching element; and first failure 
judgment means for comparing the drain voltage with a 
firstfailure judgment value and determining whether the 
step-up circuit suffers a failure. 

[0048] In this case, the judgment as to whether the 
50 step-up circuit suffers a failure can be performed in an 
initial check stage after the ignition switch is turned on. 
[0049] Preferably, the motor-driven power steering 
apparatus further comprises second open-close means 
for controlling supply of electrical power to the motor, 
ss wherein when the first failure judgment means Judges 
that the step-up circuit suffers a failure, the step-up cir- 
cuit control means turns the first and second open-close 
means off. 
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[0050] In this case, when the step-up circuit is judged 
to suffer a failure in an initial check stage after the igni- 
tion switch is turned on, the failsafe mechanism oper- 
ates. 

[0051] Preferably, the motor-driven power steering 
apparatus further comprises second open-close means 
for controlling supply of electrical power to the motor, 
wherein when the first failure judgment means judges 
that the step-up circuit suffers a failure, the step-up cir- 
cuit control means turns the first and second open-close 
means on, maintains the first switching element off con- 
tinuously, and maintains the second switching element 
on continuously. 

[0052] In this case, even when the step-up circuit is 
judged to suffer a failure in an initial check stage after 
the ignition switch is turned on, assist control at the bat- 
tery voltage can be performed, although assist control 
at boosted voltage produced by means of the step-up 
circuit cannot be performed. In addition, regenerative 
current can be absorbed by the battery during regener- 
ation periods. 

[0053] Preferably, the motor-driven power steering 
apparatus further comprises first open-close, means 
connected to a battery-voltage supply section of the 
step-up circuit and turned on and off by the step-up cir- 
cuit control means; and a circuit which includes a sec- 
ond resistor connected to the drain of the second switch- 
ing element and which receives an ignition voltage when 
an ignition switch is turned on. The step-up circuit con- 
trol means includes second element control means, op- 
erated when the ignition switch is turned on, for turning 
the first and second switching elements on simultane- 
ously, turning the first and second switching elements 
off simultaneously, orturning the first switching element 
off and the second switching element on, before the first 
open-close means is turned on; drain voltage detection 
means for detecting drain voltage of at least the first 
switching element; and second failure judgment means 
for comparing the drain voltage with a second failure 
judgment value and detemnining whether the step-up 
circuit suffers a failure. 

[0054] In this case, the judgment as to whether the 
step-up circuit suffers a failure can be perfomned in an 
Initial check stage after the ignition switch is turned on. 
[0055] Preferably, the motor-driven power steering 
apparatus further comprises second open-close means 
for controlling supply of electrical power to the motor, 
wherein when the second failure judgment means judg- 
es that the step-up circuit suffers a failure, the step-up 
circuit control means turns the first and second open- 
close means off. 

[0056] In this case, when the step-up circuit is judged 
to suffer a failure in an initial check stage after the igni- 
tion switch is turned on, the failsafe mechanism oper- 
ates. 

[0057] Preferably, the motor-driven power steering 
apparatus further comprises second open-close means 
for controlling supply of electrical power to the motor, 



wherein when the second failure judgment means judg- 
es that the step-up circuit suffers a failure, the step-up 
circuit control means turns the first and second open- 
close means on, maintains the first switching element 

5 off continuously, and maintains the second switching el- 
ement on continuously. 

[0058] In this case, even when the step-up circuit is 
judged to suffer a failure in an initial check stage after 
the ignition switch is turned on, assist control at the bat- 
to tery voltage can be performed, although assist control 
at boosted voltage produced by means of the step-up 
circuit cannot be performed. In addition, regenerative 
current can be absorbed by the battery during regener- 
ation periods. 

15 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0059] Various other objects, features and many of 
the attendant advantages of the present invention will 
20 be readily appreciated as the same becomes better un- 
derstood by reference to the following detailed descrip- 
tion of the preferred embodiments when considered in 
connection with the accompanying drawings, in which: 

25 FIG. 1 is a schematic diagram of a motor-driven 
power steering apparatus according to a first em- 
bodiment of the present invention; 
FIG. 2 is a control block diagram of the motor-driven 
power steering apparatus of FIG. 1; 

30 FIG. 3 is a control block diagram of the CPU shown 
in FIG. 1; 

FIG. 4 is a circuit diagram of the step-up circuit 
shown in FIG. 2; 

FIG. 5 is a control block diagram of the controller 
35 shown in FIG. 2 during step-up operation; 

FIG. 6 is a diagram showing waveforms of duty ratio 
drive signals applied to the first and second transis- 
tors shown in FIG. 4; 

FIG. 7 is a diagram showing waveforms of duty ratio 
^ drive signals applied to the first and second transis- 
tors In a second embodiment; 
FIG. 8 is a diagram showing waveforms of duty ratio 
drive signals applied to the first and second transis- 
tors in a third embodiment; 
45 FIG. 9 is a diagram showing waveforms of duty ratio 
dnve signals applied to the first and second transis- 
tors in a power generation state in a fourth embod- 
iment; 

FIG. 10 Is a diagram showing wavefomis of duty 
50 ratio drive signals applied to the first and second 
transistors in a regeneration state in the fourth em- 
bodiment; 

FIG. 11 is a circuit diagram of a step-up circuit ac- 
cording to a fifth embodiment; 
55 FIG. 12 Is a diagram showing waveforms of duty 
ratio drive signals applied to the first and second 
transistors in a power generation state in the fifth 
embodiment; 
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FIG. 13 is a diagram showing waveforms of duty 
ratio drive signals applied to the first and second 
transistors in a regeneration state in the fifth em- 
bodiment; 

FIG. 14 is a control block diagram showing tunc- 5 
tions which are realized by a control program for re- 
generation performed by the CPU In a sixth embod- 
iment; 

FIG. 1 5 Is an explanatory view showing a pattern of 
driving the first and second transistors in a regen- io 
eration state in the sixth embodiment; 
FIG. 16 is a diagram showing an equivalent circuit 
of the step-up circuit in mode I with the second tran- 
sistor being on; 

FIG. 17 is a diagram showing an equivalent circuit 
of the step-up circuit in mode I with the second tran- 
sistor being off; 

FIG. 1 8 is an explanatory view showing a pattern of 
driving the first and second transistors In a seventh 
embodiment for the case in which the motor is in a 20 
power generation state and in a heavy load state; 
FIG. 1 9 is an explanatory view showing a pattern of 
driving the first and second transistors in the sev- 
enth embodiment in which the motor is in a power 
generation state and in a light load state; 25 
FIG. 20 Is a circuit diagram of a step-up circuit ac- 
cording to a tenth embodiment; 
FIG. 21 is a control block diagram of the controller 
during step-up operation in an eleventh embodi- 
ment; 30 
FIG. 22 is a diagram showing waveforms of duty 
ratio drive signals applied to the first and second 
transistors in the eleventh embodiment; 
FIG. 23 is a control block diagram of the controller 
during step-up operation in a twelfth embodiment; 3S 
FIG. 24 is a control block diagram showing func- 
tions which are realized by the CPU in a thirteenth 
embodiment; 

FIG. 25 is a control block diagram showing func- 
tions which are realized by the CPU in a fourteenth 
embodiment; 

FIG. 26 is a control block diagram showing func- 
tions which are realized by the CPU in a fifteenth 
embodiment; 

FIG. 27 Is a flowchart showing control processing ^5 
perfonned by the CPU in a sixteenth embodiment; 
FIG. 28 is a control block diagram of a motor-driven 
power steering apparatus according to a seven- 
teenth embodiment; 

FIG. 29 is a flowchart showing control processing so 
perfomied by the CPU in the seventeenth embodi- 
ment; 

FIG. 30 is a flowchart showing control processing 
perfonned by the CPU in an eighteenth embodi- 
ment; 55 
FIG. 31 is a circuit diagram of a step-up circuit ac- 
cording to a nineteenth embodiment; 
FIG. 32 is a flowchart showing control processing 



perfomied by the CPU in the nineteenth embodi- 
ment; 

FIG. 33 is a flowchart showing control processing 
performed by the CPU in a twentieth embodiment; 
FIG. 34 is a flowchart showing control processing 
performed by the CPU in a twenty-first embodiment; 
FIG. 35 is a circuit diagram of a step-up circuit ac- 
cording to a twenty-second embodiment; 
FIG. 36 is a flowchart showing control processing 
performed by the CPU in the twenty-second embod- 
iment; 

FIG. 37 is a flowchart showing control processing 
performed by the CPU in a modification of the twen- 
ty-second embodiment; 

FIG. 38 is a control block diagram of a motor-driven 
power steering apparatus according to a twenty- 
third embodiment; 

FIG. 39 is a circuit diagram of a step-up circuit used 
in the twenty-third embodiment, a twenty-fourth em- 
bodiment, and a twenty-fifth embodiment; 
FIG. 40 is a flowchart showing control processing 
performed by the CPU in the twenty-third embodi- 
ment; 

FIG. 41 is a flowchart showing control processing 
performed by the CPU In a modification of the twen- 
ty-third embodiment; 

FIG. 42 is a flowchart showing control processing 
performed by the CPU in the twenty-fourth embod- 
iment; 

FIG. 43 is a flowchart showing control processing 
performed by the CPU in the twenty-fifth embodi- 
ment; 

FIG. 44 is a circuit diagram of a step-up circuit used 
in twenty-sixth to twenty-ninth embodiments; 
FIG. 45 is a flowchart showing control processing 
performed by the CPU in the twenty-sixth embodi- 
ment; 

FIG. 46 is a flowchart showing control processing 
performed by the CPU in a modification of the twen- 
ty-seventh embodiment; 

FIG. 47 is a flowchart showing control processing 
performed by the CPU in a modification of the twen- 
ty-seventh embodiment; 

FIG. 48 is a flowchart showing control processing 
performed by the CPU in the twenty-eighth embod- 
iment; 

FIG. 49 is a flowchart showing control processing 
performed by the CPU in a modification of the twen- 
ty-eighth embodiment; 

FIG. 50 Is a flowchart showing control processing 
performed by the CPU in the twenty-ninth embodi- 
ment; 

FIG. 51 is a circuit diagram of a conventional step- 
up circuit; and 

FIG. 52 Is a diagram showing a waveform of a drive 
pulse applied to the transistor shown in FIG. 51 . 
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DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

1 . First Embodiment 
<Structure> 

[0060] A motor-driven power steering apparatus ac- 
cording to a first embodiment of the present invention 
will now be described with reference to FIGS. 1 to 6. 
[0061] FIG. 1 schematically shows a controller of the 
motor-driven power steering apparatus. 
[0062] A torsion bar 3 is provided in a steering shaft 

2, to which a steering wheel 1 is connected. A torque 
sensor 4 is attached to the torsion bar 3. When a force 
is applied to the torsion bar 3 upon rotation of the steer- 
ing shaft 2, the torsion bar 3 twists according to the ap- 
plied force. The torque sensor 4 detects the amount of 
twist; i.e., steering torque x applied to the steering wheel 
1. 

[0063] The torque sensor 4 constitutes steering 
torque detection means. 

[0064] Further, a speed reducer 5 is fixed to the steer- 
ing shaft 2. A gear 7 attached to an output shaft of an 
electric motor (hereinafter referred to as a "motor") 6 is 
in meshing engagement with the speed reducer 5. The 
motor 6 Is a three-phase synchronous permanent mag- 
net motor of brushless type. 

[0065] A rotational angle sensor 30 constituted by an 
encoder is built in the motor 6 in order to detect the ro- 
tational angle of the output shaft of the motor 6 (see FIG. 
2). In accordance with rotation of the rotor of the motor 
6, the rotational angle sensor 30 outputs two-phase 
pulse train signals which has a phase difference of n/2 
therebetween, as well as a zero-phase pulse train signal 
that represents a reference rotational position. 
[0066] A pinion shaft 8 is fixed to the speed reducer 
5. A pinion 9 is fixed to a lower end of the pinion shaft 8 
and is in meshing engagement with a rack 10. The pin- 
ion 9 and the rack 1 0 constitute a rack-and-pinion mech- 
anism 11 . Tie rods 12 are fixed to the opposite ends of 
the rack 1 0; and knuckle arms 1 3 are pivotably connect- 
ed to the tip end portions of the tie rods 12. Front wheels 
(tires) 14 are rotatably attached to the knuckle arms 13. 
The knuckle arms 1 3 are pivotably connected to a cross 
member 15 as well. 

[0067] Accordingly, when the output shaft of the motor 
6 rotates, its rotation is transmitted to the pinion shaft 8 
via the speed reducer 5. The rotation transmitted to the 
pinion shaft 8 is further transmitted to the rack 1 0 via the 
pinion 9. The rack 10 changes, via the tie rods 12, the 
direction of the front wheels 14 attached to the knuckle 
arms 1 3, to thereby change the traveling direction of the 
vehicle. 

[0068] A vehicle speed sensor 16 is provided and is 
mechanically coupled to one of the front wheels 14. 
[0069] Next, an electrical configuration of the motor- 
driven power steering apparatus will be described. 



[0070] The torque sensor 4 outputs voltage corre- 
sponding to the steering torque t applied to the steering 
wheel 1 . The vehicle speed sensor 16 outputs a pulse 
signal representing present vehicle speed; i.e., pulses 
5 whose period changes in accordance with the rotational 
speed of the front wheels 14. 

[0071] A motor-driven power steering controller 
(hereinafter referred to as a "controller") 20 includes a 
central processing unit (CPU) 21, read-only memory 

10 (ROM) 22, and random access memory (RAM) 23 for 
temporary storage of data. The ROM 22 stores a control 
program which causes the CPU 21 to perform compu- 
tation processing. The RAM 23 temporarily stores vari- 
ous data, such as results of computation processing 

15 performed by the CPU 21 . 

[0072] The ROM 22 stores an unillustrated basic as- 
sist map. The basic assist map is used to obtain basic 
assist current corresponding to steering torque t (rota- 
tional torque) and vehicle speed. The basic assist map 

20 includes values of basic assist current corresponding to 
different values of steering torque t. 
[0073] Since the function of the controller 20 for driv- 
ing and controlling the three-phase synchronous perma- 
nent magnet motor is well known, the function will be 

25 described only briefly. 

[0074] Note that the controller 20 serves as control 
signal generation means. 

[0075] FIG. 3 is a block diagram showing functions re- 
alized through execution of a program in the CPU 21. 

30 The respective blocks shown in FIG. 3 do not represent 
independent hardware units but represent functions re- 
alized by means of the CPU 21 . 
[0076] The controller 20 includes a basic-assist-force 
computation section 51 for calculating command torque 

35 T*, a return-force computation section 52, and an adding 
section 53, The basic-assist-force computation section 
51 receives the steering torque x detected by the torque 
sensor 4 and the vehicle speed V detected by the vehi- 
cle speed sensor 1 6, and calculates assist torque, which 

40 increases as the steering toque t increases and de- 
creases as the vehicle speed V increases. 
[0077] The return-force computation section 52 re- 
ceives electrical angle G (corresponding to rotational an- 
gle) and angular velocity o) of the rotor of the motor 6, 

45 as well as the vehicle speed V, and, on the basis of these 
input values, calculates return torque which corre- 
sponds to force for resisting rotation of the steering shaft 
2 and force for returning the steering shaft 2 to a home 
position. The adding section 53 adds the assist torque 

so and the return torque together to thereby obtain com- 
mand torque x* and outputs the same to a command 
current setting section 54. 

[0078] On the basis of the command torque x*. the 
command current setting section 54 calculates two- 
55 phase command currents Id* and Iq*. These command 
currents Id* and Iq* correspond to d and q axes, respec- 
tively, of a rotating coordinate system which Is synchro- 
nous with rotating magnetic flux produced by means of 
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permanent magnets on the rotor of the motor 6. In the 
rotating coordinate system, the d axis corresponds to 
the position of the pemrianent magnets, and the q axis 
perpendicularly intersects the d axis. The command cur- 
rents Id* and Iq* are called d-axis command current and 
q-axis command current, respectively. 
[0079] The d-axis command current Id* and the q-axis 
command current Iq* are supplied to subtracters 55 and 
56, respectively. The subtracter 55 calculates difference 
Aid between the d-axis command current Id* and d-axis 
detected current Id. Similarly, the subtracter 56 calcu- 
lates difference Alq between the q-axis command cur- 
rent Iq* and q-axis detected current Iq. The subtracters 
55 and 56 supply the differences Aid and Alq to PI con- 
trol sections (proportional-plus-integral control sec- 
tions) 57 and 58, respectively. The q-axis command cur- 
rent Iq* corresponds to a motor control signal. 
[0080] On the basis of the differences Aid and Alq, the 
PI control sections 57 and 58 calculate d-axis command 
voltage Vd* and q-axis command voltage Vq*, respec- 
tively, In such a manner that the d-axis and q-axis de- 
tected currents Id and Iq follow the d-axis and q-axis 
command currents Id* and Iq*, respectively. 
[0081] The d-axis and q-axis command voltages Vd* 
and Vq* are subjected to correction performed by 
means of a non-interacting control correction value 
computation section 63 and subtracters 59 and 60, 
whereby d-axis and q-axis corrected command voltages 
Vd** and Vq** are supplied to a two-phase/three-phase 
coordinate conversion section 61. 
[0082] On the basis of the d-axis and q-axis detected 
currents Id and Iq and the angular velocity co of the rotor 
of the motor 6, the non-interacting control correction val- 
ue computation section 63 calculates non-interacting 
control correction values to La lq and -o)-((|)a+La-ld) for 
the d-axis and q-axis command voltages Vd* and Vq*, 
respectively. Note that La (inductance) and (|>a (magnet- 
ic flux) are predetermined constants. 
[0083] The subtracters 59 and 60 subtract the corre- 
sponding non-interacting control correction values from 
the d-axis and q-axis command voltages Vd* and Vq* 
to thereby obtain the d-axis and q-axis corrected com- 
mand voltages Vd** and Vq**, and outputs them to the 
two-phase/three-phase coordinate conversion section 
61 . The two-phaseAhree-phase coordinate conversion 
section 61 converts the d-axis and q-axis corrected 
command voltages Vd** and Vq** to three-phase com- 
mand voltages Vu*, Vv*, and Vw* and outputs them to 
a PWM control section 62. 

[0084] The PWM control section 62 converts the 

three-phase command voltages Vu*, Vv*, and Vw* to 
PWM control signals UU, VU, and WU (each including 
a PWM wave signal and a signal representing the direc- 
tion of rotation of the motor 6), which correspond to the 
three-phase command voltages Vu*, Vv*, and Vw*, re- 
spectiveiy, and outputs them to a motor drive unit (in- 
verter circuit) 35. 

[0085] As shown in FIG. 2, the motor drive unit 35 is 



constituted by parallel connection of a series circuit con- 
taining FETs 81 U and 82U, a series circuit containing 
FETs 81V and 82V, and a series circuit containing FETs 
81 W and 82W. Step-up voltage which is higher than volt- 

5 age of a battery mounted on the vehicle is applied to 
each series circuit. A connection point 83U between the 
FETs 81 U and 82U is connected to the U-phase winding 
of the motor 6; a connection point 83V between the FETs 
81 V and 82V is connected to the V-phase winding of the 

10 motor 6; and a connection point 83W between the FETs 
81 W and 82W is connected to the W-phase winding of 
the motor 6. 

[0086] PWM control signals UU, VU, and WU (each 
including a PWM wave signal and a signal representing 
15 the direction of rotation of the motor 6) are fed from the 
PWM control section 62 to the FETs 81 U and 82U, the 
FETs 81 V and 82V, and the FETs 81 W and 82W, respec- 
tively. 

[0087] The motor drive circuit 35 generates three- 
20 phase excitation currents corresponding to the PWM 
control signals UU, VU, and WU, and supplies them to 
the motor 6 via respective three-phase excitation cur- 
rent paths. The motor drive circuit 35 serves as motor 
drive means. 

25 [0088] Currents sensors 71 and 72 are provided in 
two of the three-phase excitation current paths. The cur- 
rents sensors 71 and 72 detects two excitation currents 
lu and Iv, among three-phase excitation currents lu, Iv, 
and Iw supplied to the motor 6, and output to a three- 

30 phase/two -phase coordinate conversion section 73 
shown in FIG. 3 detection signals which represent the 
detected excitation currents lu and I v. 
[0089] A computation unit 74 calculates excitation 
current Iw on the basis of the detected excitation cur- 

35 rents lu and Iv and outputs a signal representing the cal- 
culated excitation current Iw to the three-phase/two- 
phase coordinate conversion section 73. The three- 
phase/two-phase coordinate conversion section 73 
converts the three-phase detected excitation currents 

40 lu, Iv, and Iw to two-phase (d-axis and q-axis) detected 
currents Id and Iq and outputs them to the subtracters 
55 and 56 and the non-interacting control correction val- 
ue computation section 63. 

[0090] The two-phase pulse train signals and zero- 
es phase pulse train signal output from the rotational angle 
sensor 30 are continuously supplied to an electrical an- 
gle conversion section 64 at predetermined sampling in- 
tervals. On the basis of these pulse train signals, the 
electrical angle conversion section 64 calculates elec- 
50 trical angle 8 of the rotor of the motor 6 with respect to 
the state r thereof and outputs the calculated electrical 
angle G to an angular speed conversion section 65. The 
angular speed conversion section 65 differentiates the 
calculated electrical angle 6 to thereby obtain angular 
55 velocity co of the rotor with respect to the stater. When 
the angular velocity oo is positive, the rotor rotates in the 
forward direction or positive direction. When the angular 
velocity co is negative, the rotor rotates in a backward 
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direction or negative direction. 

[0091] Next, a step-up circuit 1 00 for boosting battery 
voltage and a step-up circuit controller for controlling the 
step-up circuit 100 will be described. In the present enn- 
bodiment, the above-described controller 20 acts as the 
step-up circuit controller as well. 
[0092] The step-up circuit 1 00 is provided in a current 
supply circuit between a vehicle-mounted battery (here- 
inafter referred to as a "battery") B and the motor drive 
unit 35. 

[0093] In the step-up circuit 100 According to the 

present embodiment, a step-up coil (hereinafter simply 
referred to as a "coil") L and a transistor Q2 are connect- 
ed between an application point PI and a voltage appli- 
cation point P2, which serves as an output terminal of 
the step-up circuit 100. The source of the transistor Q2 
is connected to the coil L, and the drain of the transistor 
Q2 is connected to the voltage application point P2. The 
gate of the transistor Q2 is connected to the CPU 21 of 
the controller 20. D2 represents a parasitic diode of the 
transistor Q2. 

[0094] The application point P1 is grounded via a rec- 
tification capacitor C1 . The voltage application point P2 
is grounded via a step-up capacitor C2. 
[0095] The capacitor C2 serves as a capacitor for 
smoothing step-up voltage produced by means of the 
step-up coil. 

[0096] The drain of a transistor Q1 is connected to a 
connection point between the coil L and the transistor 
Q2. The source of the transistor Q1 is grounded. The 
gate of the transistor Q1 is connected to the CPU 21 of 
the controller 20. D1 represents a parasitic diode of the 
transistor Q1 . In order to detect voltage at the voltage 
application point P2 (output voltage V^piq), the voltage 
application point P2 is connected to an unillustrated volt- 
age input port of the CPU 21 of the controller 20. 
[0097] Each of the transistors Q1 and Q2 is a l\/IOS- 
FET. The transistor Q1 serves as a first switching ele- 
ment; and the transistor Q2 serves as a second switch- 
ing element. 

[0098] Next, the controller 20 for controlling the tran- 
sistors Q1 and Q2 will be described. 
[0099] FIG. 5 shows a functional block diagram of the 
controller 20. That is, FIG. 5 shows a control block dia- 
gram showing functions realized through execution of a 
program in the CPU 21. 

[0100] The respective blocks shown in the control 
block diagram do not represent Independent hardware 
units but represent functions realized by means of the 
CPU 21 . The controller 20 serves as step-up circuit con- 
trol means. 

[0101] The CPU 21 includes a computing unit 110, a 
PID control section 120, a PWM computation section 
130, and an A/D conversion section 150. 
[01 02] The computing unit 110 calculates deviation of 
the output voltage V3PIQ input via the A/D conversion 
section 1 50 from a target output voltage Vqpig* (in the 
present embodiment, 20 V) stored in the ROM 22 in ad- 



vance and outputs the deviation to the PID control sec- 
tion 120. 

[0103] The PID control section 120 performs propor- 
tional (P) processing, integration (I) processing, and dif- 

5 ferential (D) processing in order to compute a controlled 
variable of the transistors Q1 and Q2, whose value re- 
duces the deviation. The controlled variable computed 
by means of the PID control section 120 is fed to the 
PWM computation section 130. The PWM computation 

10 section 130 computes a duty ratio a corresponding to 
the controlled variable and converts it to duty-ratio drive 
signals to be applied to the transistors Q1 and Q2 of the 
step-up circuit 100. Note that, in the present embodi- 
ment, the duty-ratio drive signals turn the transistors Q1 

15 and Q2 alternately on and off (see FIG. 6). The applica- 
tion of duty-ratio drive signals is perfomned in the same 
manner in both power generation and regeneration 
states of the motor 6. 

[0104] FIG. 6 shows a first pulse signal (duty-ratio 
20 drive signal) applied to the transistor Q1 . In FIG. 6, Ta 
represents an ON period; T represents a pulse cycle; 
and a represents a duty ratio (on duty) of the transistor 
Q1 . Note that the duty ratio of the transistor Q2 is (1-lal). 
[0105] When the duty ratio a is the motor 6 is in 
25 a power generation state; and when the duty ratio a is 
the motor 6 is in a regeneration state 
[0106] In the first embodiment, the duty ratio a in a 
power generation state is controlled to satisfy the ine- 
quality 0 ^ a ^ aO < 1 , where aO represents a limit value. 
30 When the duty ratio a computed by means of the PWM 
computation section 1 30 is greater than aO, the duty ra- 
tio a is set to aO. 

[0107] The duty ratio a in a regeneration state is con- 
trolled to satisfy the inequality 0 ^ lal ^ 1 . 

35 [0108] In the first embodiment and other embodi- 
ments, when the transistors Q1 and 02 are alternately 
turned on and off, the duty ratio of the transistor Q2 be- 
comes (1 -lal). Therefore, description regarding the duty 
ratio of the transistor Q2 is omitted. 

40 [01 09] Further, a second pulse signal (duty-ratio drive 
signal) is applied to the transistor Q2 in such a manner 
that the transistor Q2 is off when the transistor Q1 is on 
and is on when the transistor Q1 is off. The duty-ratio 
drive signals applied to the transistors 01 and 02 each 

45 have a frequency outside the audible frequency range. 

<Operation of First Embodiment> 

[01 10] In the present embodiment, in both power gen- 
so eration and regeneration periods, the transistors Q1 and 
Q2 are alternately turned on and off by the correspond- 
ing duty-ratio drive signals having respective drive pat- 
terns as shown In FIG, 6. 

[0111] Specifically, in power generation periods, in 
55 the step-up circuit 100, the transistor Q1 performs 
switching operation in accordance with the correspond- 
ing duty-ratio drive signal. As a result, accumulation of 
energy in the coil L and discharge of energy from the 



10 



19 



EP 1 293 413 A2 



20 



ods, to thereby increase the voltage supplied to the 
motor 6. During regeneration periods as well, the 
controller 20 turns the transistors Q1 and Q2 on and 

off alternately. 

5 As a result, even when the motor 6 enters a re- 

generation state, the step-up circuit 1 00 is not bro- 
ken. 

(2) In the first embodiment, the step-up circuit 100 
is provided In the current supply circuit between the 

10 battery B and the motor drive unit 35 (motor drive 
means). The step-up circuit 1 00 includes the coil L 
(step-up coil) which is connected to the battery B, 
the transistor Q1 (first switching element) for 
grounding and opening the coil L, the transistor Q2 

IS (second switching element) connected to the coil L, 
and the capacitor C2 for smoothing output voltage. 

Moreover, there is provided the controller 20 
(step-up circuit control means) which, during both 
power generation and regeneration periods, turns 

20 the transistors Q1 and Q2 on and off alternately on 
the basis of the difference between the target output 
voltage VgpiQ* and the detected output voltage 
VgpiQ, to thereby increase the voltage supplied to 
the motor 6 or collect regenerative power produced 

25 by the motor 6. 

In the conventional apparatus, since the diode 
D is used, when the transistor Q1 is turned off during 
a power generation period, a large quantity of heat 
is generated by the current flowing through the di- 

30 ode D. By contrast, in the present embodiment, a 
reduced quantity of heat (loss) is generated by the 
current flowing through the transistor Q2, and there- 
fore, efficiency can be improved. 

(3) In the conventional apparatus, when the motor 
35 6 enters a regeneration state, the output voltage 

Vbpig increases due to presence of the diode D. 
Since means for preventing voltage increase is not 
provided, the output voltage Vqpiq increases 
excessively, and the circuit may be broken. 

40 By contrast, in the present embodiment, when 

the output voltage VgpiG increases during a regen- 
eration period, current flows to the battery B during 
periods in which the transistor Q2 is turned on, so 
that an increase in the output voltage Vqpiq can be 

45 avoided. 

(4) In the present embodiment, the duty-ratio drive 
signals to be applied to the transistors Q1 and Q2 
each have a frequency outside the audible frequen- 
cy range. As a result, no noise is generated by the 

50 duty-ratio drive signals during step-up control for 
the step-up circuit 100, whereby an unpleasant feel- 
ing imparted to a driver can be suppressed. 

2. Second Embodiment 

55 



coil L are repeated, and high voltage generated due to 
discharge appears on the drain side of the transistor Q2. 
That is, when the transistor Q1 is turned on and the tran- 
sistor Q2 is turned off, current flows to the ground via 
the transistor Q1 . When the transistor Q1 is then turned 
off, the current flowing through the coil L is cut off. Wen 
the current flowing through the coil L is cut off, high volt- 
age is generated on the drain side of the transistor Q2 
in an on state so as to prevent magnetic flux from chang- 
ing in responsetocut off of the current. Through iteration 
of this operation, high voltage is generated repeatedly 
on the drain side of the transistor Q2. The high voltage 
is smoothed by means of the capacitor C2 and is fed to 
the point P2 as output voltage Vqpig. 
[01 12] The voltage obtained through step-up effected 
by the step-up circuit 100 relates to the duty ratio a of 
the duty-ratio drive signals output from the controller 20. 
When the duty ratio a increases, the output voltage 
V3PIQ increases; and when the duty ratio a decreases, 
the output voltage V^piG decreases. 
[01 1 3] When the motor 6 enters a regeneration state, 
the output voltage VgpiQ increases. Since the transistor 
Q2 is turned on by means of duty control even in regen- 
eration periods, cun^ent flows to the battery B via the 
transistor Q2 and Is absorbed thereby. 
[0114] The first embodiment has the following fea- 
tures. 

(1 ) The present embodiment includes the command 
current setting section 54 (control signal generation 
means), which determines the d-axis command cur- 
rent Id* and the q-axis command current Iq* (motor 
control signal) on the basis of the vehicle speed V 
and the steering torque t applied to the steering 
wheel 1 and outputs the same, and the motor drive 
unit 35 (motor drive means), which drives the motor 
6 on the basis of the d-axis command current Id* 
and the q-axIs command current Iq* (motor control 
signal). Further, the step-up circuit 100 is provided 
in the current supply circuit between the battery B 
and the motor drive unit 35 (motor drive means). 
The step-up circuit 100 includes the coil L (step-up 
coil) whose one end is connected to the battery B 
and to which battery voltage is applied, the transis- 
tor Q1 (first switching element) for grounding and 
opening the other end of the coil L, the transistor 
Q2 (second switching element) which is connected 
to the other end of the coil L and is turned on and 
off, and the capacitor C2 which Is connected to the 
output side of the transistor Q2 and smoothes out- 
put voltage (step-up voltage) generated by means 
of the coil L. 

Moreover, the present embodiment includes 
the controller 20 (step-up circuit control means) 
which turns the transistors Q1 and Q2 on and off 
alternately on the basis of the difference between 
the target output voltage VgpiQ* and the detected 
output voltage Vqpiq during power generation peri- 



[0115] Next, a second embodiment will be described 
with reference to FIG. 7. 

[0116] In the present embodiment and the remaining 
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embodiments described below, structural elements 
Identical to or corresponding to those described In pre- 
ceding embodlment(s) (the first embodiment in the case 
of the second embodiment) are denoted by the same 
reference numerals. Repeated descriptions regarding 
such elements are omitted, and features different from 
those of preceding embodiment(s) are mainly de- 
scribed. 

[01 17] The second embodiment has the same config- 
uration as that of the first embodiment except that in the 
second embodiment the controller 20 of the first embod- 
iment serves as steering state Judgment means as well. 
[0118] In the first embodiment, the PID control section 
1 20 connputes a controlled variable of the transistors Q 1 
and Q2; and the PWM computation section 130 con- 
verts the computed controlled variable to corresponding 
duty-ratio drive signals. When the duty ratio a is the 
motor 6 is in a regeneration state; and when the duty 
ratio a is the motor 6 is in a power generation state. 
Therefore, the PWM computation section 130 serves as 
steering state judgment means. The PWM computation 
section 130 supplies to the transistors Q1 and Q2 duty- 
ratio drive signals which change according to whether 
the duty ratio is "+" (power generation state) or "-" (re- 
generation state). 

[0119] In the second embodiment, as in the first em- 
bodiment, the duty ratio a in a power generation state 
is controlled to satisfy the inequality 0 < a < aO < 1 , and 
when the duty ratio a computed by means of the PWM 
computation section 130 is greater than aO, the duty ra- 
tio a is set to aO. 

[0120] The duty ratio a in a regeneration state Is con- 
trolled to satisfy the inequality 0 < lai < 1 . as in the first 
embodiment. 

[0121] In the second embodiment, as shown in FIG. 
7, the duty-ratio drive signals output from the PWM com- 
putation section 130 drive the transistors Q1 and Q2 in 
different patterns depending on whether the motor 6 is 
in a power generation state or in a regeneration state. 
[0122] In power generation periods, the duty-ratio 
drive signals are applied to the transistors Q1 and Q2 
in such a manner that the transistor Q1 is turned on and 
off, and the transistor Q2 is maintained off. 
[0123] In regeneration periods, the duty-ratio drive 
signals are applied to the transistors Q1 and Q2 In such 
a manner that the transistors Q1 and Q2 are alternately 
turned on and off. 

<Operatlon of Second Embodiment> 

[01 24] I n power generation periods, since the duty ra- 
tio a is "+," the duty-ratio drive signals are applied from 
the PWM computation section 1 30 to the transistors Q1 
and Q2 in such a manner that the transistor Q1 is turned 
on and off, and the transistor Q2 Is maintained off. In the 
following descriptions, when the duty ratio a is it is 
said that "the controller 20 has judged that the motor 6 
is in a power generation state," and when the duty ratio 
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o is "-," It is said that "the controller 20 has judged that 
the motor 6 is In a regeneration state." 
[0125] In other words, when the controller 20 has 
judged that the motor 6 Is in a power generation state, 

5 the controller 20 controls the transistor Q2 in such a 
manner that the transistor Q2 is maintained off continu- 
ously. 

[0126] Therefore, In the step-up circuit 100, only the 
transistor Q1 performs switching operation. As a result, 

10 accumulation of energy In the colt L and discharge of 
energy from the coil L are repeated. At this time, as in 
the first embodiment, high voltage generated in re- 
sponse to discharge appears on the drain side of the 
transistor Q2. This is because even when the transistor 

IS 02 is maintained off, by virtue of presence of the para- 
sitic diode 02 of the transistor Q2, high voltage is gen- 
erated on the drain side of the transistor Q2 via the par- 
asitic diode D2. 

[0127] In this manner, through repeated on-off drive 

20 of the transistor Q1 only, high voltage is generated on 
the drain side of the transistor Q2. Through Iteration of 
this operation, high voltage is generated repeatedly on 
the drain side of the transistor Q2. The high voltage is 
smoothed by means of the capacitor C2 and is fed to 

25 the point P2 as output voltage Vbpiq- 

[0128] In a regenerating period, the duty ratio a be- 
comes " and the duty-ratio drive signals are applied 
from the PWM computation section 130 to the transis- 
tors Q1 and Q2 in such a manner that the transistors Q1 

30 and Q2 are altemately tumed on and off. In other words, 
when the controller 20 has judged that the motor 6 is in 
a regeneration state, the controller 20 controls the tran- 
sistor Q2 in such a manner that the transistors Q1 and 
Q2 are altemately turned on and off. Therefore, in re- 

35 generating periods, the step-up circuit 100 operates In 
the same manner as In the first embodiment. 
[0129] When the regeneration state continues, the 
duty ratio a decreases. As a result, there is established 
a state such that the transistor Q1 is maintained off con- 

40 tinuously and only the transistor Q2 Is tumed on. Thus, 
regenerative current flows to the battery B and Is ab- 
sorbed thereby. 

[01 30] The second embodiment has the following fea- 
tures. 

45 

(1) The second embodiment includes the controller 
20 (steering state judgment means) which judges 
the state of the motor 6 (power generation state or 
regeneration state) on the basis of the difference 

50 between the target output voltage V^piG* and the 
detected output voltage Vbpiq. Further, when the 
controller 20 judges that the motor 6 Is in a power 
generation state, the controller 20 turns only the 
transistor Q1 (first switching element) on and off. 

55 As a result, in power generation periods, the 

quantity of generated heat and loss can be reduced 
as compared with the case of the diode D used in 
conventional apparatuses, as in the first embodi- 
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ment. 

(2) Further, when the controller 20 judges that the 
motor 6 is in a regeneration state, the controller 20 
turns the transistors Q1 and Q2 on and off alternate* 

ly. 

[0131] As a result, even In regeneration periods, an 
Increase in the output voltage Vqpiq can be avoided as 
in the first embodiment. 

3. Third Embodiment 

[0132] Next, a third embodiment will be described with 
reference to FIG. 8. 

[0133] In the third embodiment to tenth embodiment, 
as in the second embodiment, the controller 20 (the 
PWiy^ computation section 1 30) serves as steering state 
judgment means. 

[0134] Although the third embodiment has the same 
structure as that of the second embodiment, the third 
embodiment differs from the second embodiment in 
terms of control. That is, in power generation periods, 
duty-ratio drive signals are applied to the transistors Q1 
and Q2 in the same manner as in the second embodi- 
ment. However, in regeneration periods, the duty-ratio 
drive signals are applied to the transistors Q1 and Q2 
in a manner different from that in the second embodi- 
ment. 

[0135] That is. In regeneration periods, the PWM 
computation section 130 applies to the transistor Q1 a 
duty-ratio drive signal which maintains the transistor Q1 
off continuously and applies to the transistor Q2 a duty- 
ratio drive signal which achieves a predetermined duty 
ratio. In FIG. 8, the ON period Ta1 (= T x a) of the duty- 
ratio drive signal applied to the transistor Q1 has the 
same length as the ON period Ta in the second embod- 
iment. IS/leanwhile, the ON period Ta2 of the duty-ratio 
drive signal applied to the transistor Q2 has a length rep- 
resented by Ta2 = T x (1 -lal). • 
[0136] As in the second embodiment, the duty ratio a 
of the transistor Q1 In a power generation state is con- 
trolled to satisfy the inequality 0 < a < aO < 1 , and when 
the duty ratio a computed by means of the PWM com- 
putation section 130 is greater than aO, the duty ratio a 
is set to aO. The duty ratio (1 -lal) of the transistor Q2 in 
a regeneration state is controlled to satisfy the inequality 
0 ^ lal ^ 1 . 

[0137] The third embodiment has the following fea- 
tures. 

4 

(1) The third embodiment includes the controller 20 
(steering state judgment means) which judges the 
state of the motor 6 (power generation state or re- 
generation state) on the basis of the difference be- 
tween the target output voltage Vqpjq* and the de- 
tected output voltage VgpiQ. Further, when the con- 
troller 20 judges that the motor 6 is in a power gen- 
eration state, the controller 20 turns only the tran- 
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sistor Q1 (first switching element) on and off; and 
when the controller 20 judges that the motor 6 is in 
a regeneration state, the controller 20 turns only the 
transistor Q2 (second switching element) on and 
5 off. 

[0138] As a result, In power generation periods (pow- 
er generation state), the same effect as that attained in 
power generation periods (power generation state) in 
10 the second embodiment can be attained. 

[0139] Further, in power generation periods (power 
generation state), only the transistor Q2 is turned on and 
off. Therefore, in the present embodiment, as in regen- 
eration periods (regeneration state) in the first embodi- 
es ment, a reduced quantity of heat (loss) is generated by 
current which flows when the transistor Q2 is turned on, 
and thus, efficiency can be improved. 

4. Fourth Embodiment 

20 

[0140] Next, a fourth embodiment will be described 
with reference to FIGS. 9 and 10. Although the fourth 
embodiment has the same structure as that of the sec- 
ond embodiment, the fourth embodiment differs from 

25 the second embodiment in terms of control. 

[0141] That is, in the fourth embodiment, in power 
generation periods, the transistors Q1 and Q2 are 
turned on and off alternately by means of the duty-ratio 
drive signals from the PWM computation section 130, 

30 as shown in FIG. 9. In other words, when the controller 
20 judges that the motor 6 is in a power generation state, 
the controller 20 controls the transistors Q1 and Q2 
through on-off drive. In the present embodiment, as 
shown in FIG. 9, processing for computing the duty ratio 

35 a is performed at com putati on intervals of 200 |xsec; and 
results of the computation are reflected in the on-off 
drive of the transistor Q1 immediately after completion 
of the computation. Note that the pulse cycle (period) T 
is set to 50 \isec. 

40 [0142] In regeneration periods, as shown in FIG. 10, 
the PWM computation section 130 applies to the tran- 
sistor Q1 a duty-ratio drive signal which maintains the 
transistor Q1 off continuously, and applies to the tran- 
sistor Q2 a duty-ratio drive signal which achieves a pre- 

45 detemnined duty ratio, as in the third embodiment. In oth- 
er words, when the controller 20 judges that the motor 
6 is in a regeneration state, the controller 20 maintains 
the transistor Q1 off continuously, and controls the tran- 
sistor Q2 through on-off drive. 

50 [0143] In the fourth embodiment, the duty ratio a in a 
power generation state is the same as that employed in 
the first embodiment. 

[01 44] In the fourth embodiment, the duty ratio (1 -lal) 
of the transistor Q2 in a regeneration state is controlled 
55 to satisfy the inequality 0 ^ lol ^ 1 . 

[0145] Accordingly, the fourth embodiment has the 
following features. 
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(1 ) The fourth embodiment includes the controller 
20 (steering state judgment means) which judges 
the state of the motor 6 (power generation state or 
regeneration state) on the basis of the difference 
between the target output voltage ^spiq* ^ 
detected output voltage VgpiQ. Further, when the 
controller 20 judges that the motor 6 is in a power 
generation state, the controller 20 turns the transis- 
tors Q1 and Q2 on and off alternately; and when the 
controller 20 judges that the motor 6 is in a regen- 
eration state, the controller 20 turns only the tran- 
sistor Q2 on and off. 

[0146] Even in this case, in power generation periods 
(power generation state), the same effect as that at- 
tained in power generation periods (power generation 
state) in the first embodiment can be attained. In the sec- 
ond and third embodiments, in power generation peri- 
ods (power generation state), the transistor Q2 is main- 
tained off continuously, and the capacitor C2 is charged 
via the parasitic diode D2, whereby step-up voltage is 
generated. Therefore, in power generation periods 
(power generation state), the parasitic diode D2 gener- 
ates heat. By contrast, in the present embodiment, in 
power generation periods (power generation state), the 
transistor Q2 Is turned on for step-up operation in order 
to reduce the quantity of heat (loss) generated by cur- 
rent which flows when the transistor Q2 is turned on, as 
compared with the case of the parasitic diode D2. Thus, 
efficiency during step-up operation (power generation 
periods) can be Increased. 

[01 47] Further, in a regeneration period (regeneration 
state), the same effect as that attained in the regenera- 
tion period (regeneration state) in the third embodiment 
can be attained. 

5. Fifth Embodiment 

[01 48] Next, a fifth embodiment will be described with 
reference to FIGS. 11 to 13. 

[01 49] The present embodiment has the same config- 
uration as that of the first embodiment, except that a 
bootstrap circuit BS is inserted between the application 
point PI and the drain of the transistor Q1 . The boot- 
strap circuit BS consists of a diode D3 and a bootstrap 
capacitor (hereinafter simply referred to as a "capaci- 
tor") C3. The anode of the diode D3 is connected to the 
application point P1 ; and the cathode of the diode D3 is 
connected to the capacitor C3. 

[0150] Although not described, in the first through 
fourth embodiments, an unillustrated charge pump pro- 
vided in the controller 20 is connected to the gate of the 
transistor Q2, unlike the fifth embodiment, and gate po- 
tential or voltage can be applied to the gate when nec- 
essary. Therefore, as having been described in relation 
to operation in, for example, the third and fourth embod- 
iments, even when the transistor Q1 is maintained off 
continuously during regeneration periods, voltage is ap- 



plied to the transistor Q2 from the drive power source 
(charge pump) in order to turn the transistor Q2 on and 
off. 

[0151] In the fifth embodiment, the controller 20 fur- 
ther includes a pre-driver 24, which is in the form of an 
IC and is connected to the CPU 21. The pre-driver 24 
serves as pre-driver means. 

[0152] The cathode of the diode D3 is connected to 
the VB temninal of the pre-driver 24. Further, the VS ter- 
minal of the pre-driver 24 is connected to the drain of 
the transistor Q1 . In accordance with the duty-ratio drive 
signal for the transistor Q2 output from the CPU 21 , the 
pre-driver 24 applies voltage charged in the capacitor 
C3 to the gate of the transistor Q2 via the HO terminal. 
[0153] The application point PI is connected to the 
VCC terminal of the pre-driver 24. In accordance with 
the duty-ratio drive signal for the transistor Q1 output 
from the CPU 21 , the pre-driver 24 applies voltage (DC 
12 V in the present embodiment) at the application point 
P1 to the gate of the transistor Q1 via the LO terminal. 

<Operation> 

[0154] Next, operation of the fifth embodiment will be 
described. 

[01 55] As in the fourth embodiment, when the control- 
ler 20 judges that the motor 6 is in a power generation 
state, the controller 20 turns the transistors Q1 and Q2 
on and off alternately (see FIG. 1 2). When the transistor 
Q1 is turned on, the drain of the transistor Q1 assumes 
the ground potential. As a result, the capacitor C3 is 
charged to the potential (DC 12 V) at the application 
point PI . When the transistor Q1 is turned off, the drain 
potential of the transistor Q1 increases to 1 2 V, so that 
the potential at the connection point between the diode 
D3 and the capacitor C3 becomes 24 V. 
[0156] In this manner, when the transistor Q1 is turned 
off, the potential at the connection point between the di- 
ode D3 and the capacitor C3 becomes higher than the 
source potential of the transistor Q2. 
[01 57] Accordingly, when the voltage of the capacitor 
C3 is applied to the gate of the transistor Q2 in accord- 
ance with the duty-ratio drive signal (on level) for the 
transistor Q2, the transistor Q2 is turned on, because 
the gate potential Vg of the transistor Q2 becomes high- 
er than the source potential Vs. 
[0158] In the present embodiment, computation of the 
duty ratio a is performed at the same intervals as in the 
fourth embodiment irrespective of whether the motor 6 
is in a power generation state or a regeneration state. 
[01 59] Further, when the controller 20 judges that the 
motor 6 is In a regeneration state, the controller 20 con- 
trols the transistors Q1 and Q2, as shown in FIG. 13. 
[01 60] Specifically, the controller 20 controls the tran- 
' sisters Q1 and Q2 in such a manner that a first period 
Ta in which the transistors Q1 and Q2 are turned on and 
off alternately and a second period Tb in which the tran- 
sistor Q1 Is maintained off and only the transistor Q2 is 
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turned on and off are repeated. 

[0161] In the fifth ennbodiment, the first period Ta 
serves as a charge period and corresponds to an un- 
reflected period in which the result of the a computation 
is not reflected. The second period Tb serves as a dis- 
charge period and corresponds to a reflected period in 
which the result of the a computation is reflected. 
[01 62] That is, in each of periods of a constant length 
(in the present embodiment, 200 ^sec corresponding to 
the computation intervals), the controller 20 turns the 
transistor Q1 on and off at a fixed duty ratio o1 and turns 
the transistor Q2 on and off at a fixed duty ratio (1 -Ia1 1). 
[0163] Accordingly, the on-duty time To (To = pulse 
cycle X a1) during the first period Ta is a fixed value. 
During the first period Ta, the transistor Q1 is turned on 
and off at a fixed duty ratio a1 in order to charge the 
capacitor C3. Note that data of the fixed duty ratio a1 
are stored in the ROM 22 in advance, and when the con- 
troller 20 judges that the motor 6 Is in a regeneration 
state, the controller 20 performs PWM control on the ba- 
sis of the stored data during the first period Ta. In the 
present embodiment, the pulse cycle is 50 ^sec. 
[01 64] The on-duty time To is set to a value such that 
even when the transistor Q1 is maintained off in the sec- 
ond period Tb, the gate potential Vg of the transistor Q2 
is maintained higher than the source potential Vs there- 
of. In other words, this setting is perfomned in consider- 
ation of the fact that the transistor Q2 can be turned on 
if the gate potential Vg of the transistor Q2 is maintained 
higher than the source potential Vs. 
[0165] Note that the duty ratios a and (1 -Ia1 1) used in 
a power generation state In the fifth embodiment are the 
same as those used in the first embodiment. Further, in 
control in a regeneration state, the duty ratio (1-la1l) of 
the transistor Q2 Includes a duty ratio of 1 00% at which 
the transistor Q2 is maintained on continuously. In other 
words, the duty ratio of the transistor Q2 is determined 
under the condition that 0 ^ a < 1 . 
[01 66] Accordingly, the fifth embodiment achieves the 
following effects. 

(1 ) The fifth embodiment includes the controller 20 
(steering state judgment means) which judges the 
state of the motor 6 (power generation state or re- 
generation state) on the basis of the difference be- 
tween the target output voltage Vqpiq* and the de- 
tected output voltage V3PIQ. Further, the first and 
second switching elements are constituted by the 
transistors Q1 and Q2, each of which Is an n-chan- 
nel MOSFET, Further, the bootstrap circuit BS Is 
connected to a line extending between the battery 
B and the drain of the transistor Q1 in order to gen- 
erate voltage to be applied to the gate of the tran- 
sistor Q2. The bootstrap circuit BS includes the ca- 
pacitor C3 (bootstrap capacitor) and applies the po- 
tential of the capacitor C3 to the gate of the transis- 
tor Q2. 



[0167] When the controller 20 Judges that the motor 
6 is in a power generation state, the controller 20 turns 
the transistors Q1 and Q2 on and off alternately. When 
the controller 20 Judges that the motor 6 is in a regen- 
5 eration state, the controller 20 turns the transistor Q2 on 
and off, and controls the transistor Q1 in such a manner 
that the transistor Q1 is turned on and off in the first pe- 
riod Ta (200 ^sec) and Is maintained off in the second 
period Tb (200 ^sec). 
10 [0168] As described above, the fifth embodiment dif- 
fers from the first embodiment, etc., in which a charge 
pump is used as a power source for the transistor Q2. 
That is, the bootstrap circuit BS is used as a power 
source for the gate of the transistor Q2 in power gener- 
is ation and regeneration states. 

[0169] In the case in which a charge pump is used as 
a power source for the transistor Q2 as in the first em- 
bodiment, the transistor Q2 can be maintained on con- 
tinuously even in a regeneration state. 
20 [0170] However, when the bootstrap circuit BS is pro- 
vided as in the fifth embodiment, the capacitor C3 Is not 
charged in a regeneration period unless the transistor 
Q1 is turned on. Therefore, due to discharge of the ca- 
pacitor C3, the gate potential Vg becomes lower than 
25 the source potential Vs, so that the transistor Q2 be- 
comes Impossible to turn on and becomes unable to ab- 
sorb regenerative current. 

[0171] However, In the fifth embodiment, each regen- 
eration period includes the first period Ta in which PWM 

30 control is performed for the transistor Q1 at the fixed 
duty ratio a1 . Therefore, even when the capacitor C3 is 
discharged in the second period Tb, the transistor Q2 
can be turned on and off property. 
[0172] As a result, In regeneration periods, regenera- 

35 tive current can be absorbed by the battery, 

[0173] In the fifth embodiment, even in regeneration 
periods, the transistor Q1 , serving as a first switching 
element, are turned on and off at the fixed duty ratio and 
at constant intervals. However, the present embodiment 

40 may be modified In such a manner that the transistor Q1 
Is turned on and off at a fixed duty ratio In the first period 
Ta and is turned on and off at a variable fixed duty ratio 
in the second period Tb. 

45 6. Sixth Embodiment 

[0174] Next, a sixth embodiment will be described 
with reference to FIGS. 14 to 1 7. The sixth embodiment 
has the same circuit configuration as that of the fifth em- 

50 bodiment and is a modification of the fifth embodiment 
in which modified control is performed during regener- 
ation periods. Therefore, structural elements identical to 
those described in the fifth embodiment are denoted by 
the same reference numerals, and repeated descrip- 

55 tions regarding such elements are omitted. 

[0175] FIGS. 16 and 17 show operation of the step- 
up circuit 100. In order to facilitate the description, the 
bootstrap circuit BS and other circuits are omitted from 
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these drawings. These drawings show, in the form of 
equivalent circuits, basic operations of the step-up cir- 
cuit 100 of the present embodlnnent. 
[0176] FIG. 14 Is a control block diagram showing 
functions which are realized by a control program for re- 
generation perfomned by the CPU 21 of the controller 
20. 

[0177] In the sixth embodiment, when control for re- 
generation periods is performed, as shown in FIG. 14, 
a guard function section 140 is inserted between the 
PWM computation section 1 30 and the step-up circuit 
100. 

[0178] In the present embodiment, control for power 
generation periods is performed in the same manner as 
in the fifth embodiment 

[0179] Control for regeneration periods Is perfomned 
in a manner different from that in the fifth embodiment; 
i.e., the transistor Q1 is maintained off continuously, and 
PWM control is performed for the transistor Q2 in order 
to turn the transistor Q2 on and off. The duty ratio (1 ♦ 
lal) of the transistor Q2 is guarded (restricted) such that 
the transistor Q2 is not maintained on continuously; i.e., 
the transistor Q2 is turned off without fall. 
[0180] Specifically, when the duty ratio lal computed 
by the PWI\^ computation section 1 30 is greater than a 
guard value (limit value) ag (0 ^ lal < ag < 1 ), the guard 
value ag is selected. In other words, the transistor Q2 
is turned on at a duty ratio (1 - ag). 
[0181] When the duty ratio is set to the guard value 
ag or less, due to charge of the capacitor C3 during a 
period in which the transistor Q2 is off (mode II period), 
the gate potential Vg of the transistor Q2 is maintained 
higher than the source voltage Vs. In other words, the 
duty ratio is set such that the transistor Q2 is turned off 
without fail in the mode II period. 
[01 82] FIG. 1 5 shows a drive pattern of the transistors 
Q1 and Q2 in a regeneration period. As shown in FIG. 
15, in the present embodiment as well, the transistors 
Q1 and Q2 are driven in such a manner that the above- 
described first and second periods Ta and Tb are re- 
peated alternately. As in the fifth embodiment, the first 
period Ta serves as a charge period and corresponds 
to a un-reflected period in which the result of the a com- 
putation is not reflected. The second period Tb serves 
as a discharge period and corresponds to a reflected 
period in which the result of the a computation is reflect- 
ed. 

[01 83] In the sixth embodiment, modes I and II are re- 
peated alternately in the first period Ta. 
[0184] In each mode I period in the first period Ta 
shown in FIG. 16 (the transistor Q2 is on, and the tran- 
sistor Q1 is off), as shown in FIG. 16, regenerative cur- 
rent 11 flows from the motor 6 to the battery B via the 
transistor Q2 and the coil L, whereby regenerative pow- 
er produced at the motor 6 Is absorbed by the battery B. 
[0185] In each mode II period in the first period Ta 
shown in FIG. 15 (the transistor Q2 is off, and the tran- 
sistor Q1 is ofO, the step-up circuit 100 operates as fol- 
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lows. When the operation has changed from mode I to 
mode II, as shown In FIG. 1 7, the transistor Q2 is turned 
off. IHowever, current flowing through the coil L and cur- 
rentflowlng through the windings (not shown) of the mo- 

5 tor 6 do not become zero immediately. On the side 
where the coil L is present, the parasitic diode D1 of the 
transistor Q1 enters an on state, and current 12 flows 
from the ground to the battery B via the transistor Q1 
and the coil L, whereby the electromagnetic energy ac- 

10 cumulated in the coil L Is absorbed by the battery B. 
[01 86] At this time, since the parasitic diode D1 enters 
an on state, the potential at the connection point P3 be- 
tween the coil L and the cathode of the parasitic diode 
D1 attains the ground level, so that the capacitance C3 

15 can be charged. 

[0187] Meanwhile, on the side where the un illustrated 
windings of the motor 6 is present, the transistor Q2 is 
turned off, and a route along which regenerative current 
13 flows is cut off, so that the capacitor C2 is charged by 

20 the regenerative current 13. 

[0188] As described above, in mode II, the transistor 
Q2 is tumed off without fail, and the capacitor C3 of the 
bootstrap circuit BS is charged. As a result, the gate po- 
tential Vg of the transistor Q2 can be maintained higher 

25 than the source voltage Vs thereof, thereby enabling 
subsequent turning on of the transistor Q2. In other 
words, in the sixth embodiment, although the transistor 
Q1 is maintained off continuously in a regeneration 
state, as described above, the transistor Q2 Is turned 

30 off without fail in each mode II period, whereby the ca- 
pacitor C3 is charged. Therefore, turning on of the tran- 
sistor Q2 Is possible. 

[0189] In the second period Tb, as in the fifth embod- 
iment, the result of the a computation is reflected, and 
35 the transistor Q2 is turned on and off by means of PWM 
control. 

[0190] The sixth embodiment achieves the following 
effects. 

40 (1 ) The sixth embodiment includes the controller 20 
(steering state Judgment means) which judges the 
state of the motor 6 (power generation state or re- 
generation state) on the basis of the difference be- 
tween the target output voltage Vqpig* and the de- 
45 tected output voltage VgpiQ. 

The first and second switching elements are 
constituted by the transistors Q1 and Q2, each of 
which Is an n-channel MOSFET. Further, the boot- 
strap circuit BS is connected to a line extending be- 
50 tween the battery B and the drain of the transistor 
Q1 in order to generate voltage to be applied to the 
gate of the transistor Q2. 

When the controller 20 judges that the motor 6 
is in a power generation state, the controller 20 
55 turns the transistors Q1 and Q2 on and off alternate- 

When the controller 20 judges that the motor 6 
is in a regeneration state, the controller 20 main- 
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tains the transistor Q1 off continuously and per- 
forms PWM control for the transistor Q2 (second 
switching element) in order to turn the same on and 
off. In the PWM control, the duty ratio Is restricted 
so as not to exceed the predetermined duty ratio (1 
- ag). In other words, the PWM control for the tran* 
sister Q2 is perfomned to produce a period in which 
the transistor Q2 is turned off without fail. 

As a result, in regeneration periods, the tran- 
sistor Q2 is turned off without fail. Therefore, during 
a period in which the transistor Q2 is off (mode 11 
period), current 12 flows from the ground to the bat- 
tery B via the transistor Q1 (parasitic diode D1 ) and 
the coil L. whereby the electromagnetic energy ac- 
cumulated in the coil L can be absorbed by the bat- 
tery B. 

Further, when the parasitic diode D1 enters an 
on state, the potential at the connection point be- 
tween the capacitor C3 and the parasitic diode D1 
attains the ground level , so that the capacitance C3 
can be charged, and thus the transistor Q2 can be 
driven, 

(2) in the sixth embodiment as well, since the tran- 
sistor Q2 Is turned on In regeneration periods, a re- 
duced quantity of heat (loss) is generated by the 
current flowing through the transistor Q2, and there- 
fore, efficiency can be improved, 

7. Seventh Embodiment 

[01 91 ] Next, a seventh embodiment will be described 
with reference to FIGS. 2, 18, and 19. 
[0192] The seventh embodiment is the same as the 
fourth embodiment in terms of configuration and control 
of the transistors Q1 and Q2 in regeneration periods, 
but differs from the fourth embodiment in terms of con- 
trol of the transistors Q1 and Q2 in power generation 
periods. 

[0193] Note that in the present embodiment the con- 
troller 20 serves as steering state judgment means and 
toad state judgment means forjudging the load state of 
the motor 6. 

[0194] As shown In FIG. 2. the CPU 21 of the control- 
ler 20, serving as load state judgment means, judges 
whether heavy load or light load is imposed on the motor 
6, on the basis of the detected steering torque t (steering 
torque signal). In the present embodiment, zero is em- 
ployed as a judgment reference value. When the steer- 
ing torque x.is zero, the load imposed on the motor 6 is 
judged to be light. When the steenng torque t is higher 
than zero, the load imposed on the motor 6 is judged to 
be heavy. 

[0195] The judgment reference value may be a value 
other than 0, Specifically, the judgment reference value 
may be determined so as to correspond to the highest 
load value that does not require step-up by means of 
the step-up circuit 100. In this case, when the detected 
steering torque X is less than the judgment reference val- 



ue, the load imposed on the motor 6 is judged to be light. 
When the detected steering torque t is equal to or higher 
than the judgment reference value, the load imposed on 
the motor 6 is judged to be heavy. 

5 [0196] When the controller 20 judges that the motor 
6 is in a power generation state and in a heavy load 
state, as shown In FIG. 18, the controller 20 turns the 
transistors Q1 and Q2 on and off alternately as in a pow- 
er generation state in the fourth embodiment. Note that 

10 when the controller 20 judges that the motor 6 is in a 
power generation state and in a heavy load state, the 
controller 20 may turn the transistor Q1 on and off, while 
maintaining the transistor Q2 off continuously, as in a 
power generation stale in the second embodiment (FIG. 

IS 7). 

[0197] When the controller 20 judges that the motor 
6 is in a power generation state and in a light load state, 
as shown In FIG. 1 9, the controller 20 applies respective 
duty-ratio drive signals to the transistors Q1 and Q2 in 
20 such a manner that the transistor Q1 is turned on and 
off through PWM control, and the transistor Q2 is main- 
tained off continuously. 

[0198] As a result, when the motor 6 is in a light load 
state, the transistor Q2 is maintained off continuously, 
2s and is not turned on. 

[01 99] The seventh embodiment achieves the follow- 
ing effects. 

(1 ) The seventh embodiment includes the controller 

30 20 (steering state judgment means) which judges 
the state of the motor 6 (power generation state or 
regeneration state) on the basis of the difference 
between the target output voltage Vbpiq* and the 
detected output voltage Vqpiq. Further, the controt- 

35 ler 20 is configured to judge whether the motor 6 is 
in a light load state or a heavy load state on the basis 
of steering torque t (steering torque signal) (load 
state judgment means). 

When the controller 20 judges that the motor 6 

40 Is in a power generation state and in a tight load 
state, the controller 20 controls the transistors Q1 
and Q2 in such a manner that only the transistor Q1 
(first switching element) is turned on and off (PWM 
control), and the transistor Q2 is maintained offcon- 

45 tinuousty. When the controller 20 judges that the 
motor 6 is In a power generation state and in a 
heavy load state, the controller 20 turns the transis- 
tors Q1 and Q2 on and off alternately (PWM con- 
trol). 

so Meanwhile, when the controller 20 judges that 

the motor 6 is in a regeneration state, the controller 
20 turns only the transistor Q2 (second switching 
element) on and off (PWM control). 

As result, when the motor 6 is in a power gen- 

55 oration state and in a light load state (in the present 
embodiment, in a no load state), the transistor Q2 
is maintained off continuously. Therefore, no heat 
Is generation by the transistor Q2, and no switching 
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loss is produced, whereby efficiency can be im- 
proved. 

Further, when the steering torque x beconnes 
zero, the duty ratio a of the transistor Q1 becomes 
0% (on-duty time Ta = 0), so that the transistor Q1 
is maintained off continuously, and switching loss of 
the transistor Q1 becomes zero. 
(2) In regeneration periods, the same effect as in 
regeneration periods in the fourth embodiment can 
be attained. 

8. Eighth Embodiment 

[0200] Next, an eighth embodiment will be described. 
[0201] In the seventh embodiment, a charge pump is 
used as a power source for the transistor Q2. The eighth 
embodiment differs from the seventh embodiment in 
that in place of the charge pump, a bootstrap circuit BS 
is provided as a power source for the transistor Q2. In 
other words, the present embodiment has the same 
configuration as that of the fifth embodiment. 
[0202] In the eighth embodiment, when the controller 
20, serving as steering state judgment means, judges 
that the motor 6 is in a power generation state, as in the 
seventh embodiment, the controller 20, serving as load 
state judgment means, judges whether the motor 6 is in 
a light load state or a heavy load state. When the con- 
troller 20 judges that the motor 6 is in a heavy load state, 
the controller 20 supplies duty-ratio drive signals shown 
in FIG . 1 8 to the transistors Q1 and Q2 as in the seventh 
embodiment. When the controller 20 judges that the mo- 
tor 6 is in a light load state, the controller 20 supplies 
duty-ratio drive signals shown in FIG. 19 to the transis- 
tors Q1 and Q2 as in the seventh embodiment. 
[0203] Moreover, when the controller 20 judges that 
the motor 6 is In a regeneration state, the controller 20 
supplies duty-ratio drive signals shown in FIG. 13 to the 
transistors Q1 and Q2 as in the fifth embodiment. 
[0204] The eighth embodiment has the following fea- 
tures. 

(1) The eighth embodiment includes the controller 
20 (steering state judgment means) which judges 
the state of the motor 6 (power generation state or 
regeneration state) on the basis of the difference 
between the target output voltage VgpiQ* and the 
detected output voltage VgpiQ. Further, the first and 
second switching elements are constituted by the 
transistors Q1 and Q2, each of which is an n-chan- 
nel MOSFET. Moreover, the bootstrap circuit BS is 
connected to a line extending between the battery 
B and the drain of the transistor Q1 in order to gen- 
erate voltage to be applied to the gate of the tran- 
sistor Q2. The bootstrap circuit BS includes the ca- 
pacitor C3 (bootstrap capacitor) and applies the po- 
tential of the capacitor C3 to the gate of the transis- 
tor Q2 (second switching element). 

When the controller 20 judges that the motor 6 



is in a power generation state and in a light load 
state, the controller 20 controls the transistors Q1 
and Q2 in such a manner that only the transistor Q1 
(first switching element) is turned on and off (PWM 
5 control), and the transistor Q2 is maintained off con- 

tinuously. When the controller 20 judges that the 
motor 6 is in a power generation state and in a 
heavy load state, the controller 20 turns the transis- 
tors Q1 and Q2 on and off alternately (PWM con- 
10 trol). 

As a result, the same effect as that of the sev- 
enth embodiment mentioned in section (1) of the 
description for the seventh embodiment is 
achieved. 

15 (2) Further, when the controller 20 judges that the 
motor 6 is in a regeneration state, the controller 20 
controls the transistors Q1 and Q2 in such a manner 
that a first period Ta in which the transistors Q1 and 
Q2 are turned on and off at a fixed duty ratio a1 and 
20 a second period Tb in which the transistor Q1 is 
maintained off and only the transistor Q2 is turned 
on and off are repeated. 

[0205] As a result, the same effect as that of the fifth 
25 embodiment mentioned in section (1 ) of the description 
for the fifth embodiment is achieved. 

9. Ninth Embodiment 

30 [0206] Next, a ninth embodiment will be described. 
[0207] The ninth embodiment is the same as the 
eighth embodiment in terms of hardware configuration 
and control in power generation periods. However, the 
ninth embodiment differs from the eighth embodiment 
35 in tenns of control In regeneration periods. 

[0208] In the present embodiment as well, the control- 
ler 20 serves as steering state judgment means and load 
state judgment means. 

[0209] When the controller 20 judges that the motor 
40 6 Is in a regeneration state, the controller 20 supplies 
duty-ratio drive signals shown in FIG. 15 to the transis- 
tors Q1 and Q2 as in the sixth embodiment. 
[0210] The ninth embodiment has the following fea- 
tures. 

45 

(1 ) The ninth embodiment includes the controller 20 
(steering state judgment means) which judges the 
state of the motor 6 (power generation state or re- 
generation state) on the basis of the difference be- 
50 tween the target output voltage Vbpiq* and the de- 
tected output voltage V^piQ. Further, the first and 
second switching elements are constituted by the 
transistors Q1 and Q2, each of which is an n-chan- 
nel MOSFET. Moreover, the bootstrap circuit BS is 
55 connected to a line extending between the battery 
B and the drain of the transistor Q1 in order to gen- 
erate voltage to be applied to the gate of the tran- 
sistor Q2. The bootstrap circuit BS includes the ca- 
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pacitor C3 (bootstrap capacitor) and applies the po- 
tential of the capacitor C3 to the gate of the transis- 
tor Q2 (second switching element). 

When the controller 20 judges that the motor 6 
is in a power generation state and in a light load 
state, the controller 20 controls the transistors Q1 
and Q2 in such a manner that only the transistor Q1 
(first switching element) is turned on and off (PWM 
control), and the transistor Q2 Is maintained off con- 
tinuously. When the controller 20 judges that the 
motor 6 Is in a power generation state and in a 
heavy load state, the controller 20 turns the transis- 
tors Q1 and Q2 on and off alternately {PWM con- 
trol). 

As a result, the same effect as that of the sev- 
enth embodiment mentioned in section (1) of the 
description for the seventh embodiment is 
achieved. 

(2) Further, when the controller 20 judges that the 
motor 6 Is in a regeneration state, the controller 20 
maintains the transistor Q1 off continuously and 
performs PWM control for the transistor Q2 (second 
switching element) in order to turn the same on and 
off. In the PWM control, the duty ratio is restricted 
so as not to exceed the predetermined duty ratio (1 
- ag). In other words, the PWM control for the tran- 
sistor Q2 is performed so as to produce a period In 
which the transistor Q2 Is turned off without fail. 

[0211] As a result, in a regeneration period, the tran- 
sistor Q2 is turned off without fail. Therefore, during a 
period in which the transistor Q2 Is off (mode 11 period), 
current 12 flows from the ground to the battery B via the 
transistor Q1 (parasitic diode D1) and the coil L, where- 
by the electromagnetic energy accumulated in the coil 
L can be absorbed by the battery B. 
[0212] Further, when the parasitic diode D1 enters an 
on state, the potential at the connection point between 
the capacitor C3 and the parasitic diode D1 attains the 
ground level, so that the capacitor C3 can be charged, 
and thus the transistor Q2 can be driven. 

10. Tenth Embodiment 

[0213] Next, a tenth embodiment will be described 
with reference to FIGS. 12 and 20. 
[0214] In the tenth present embodiment, structural el- 
ements identical with those described in the fifth embod- 
iment are denoted by the same reference numerals. Re- 
peated descriptions regarding such elements are omit- 
ted, and features different from those of the fifth embod- 
iment are mainly described. 

[021 5] I n the fifth embodiment, the anode of the diode 
D3 is connected to the application point P1 . By contrast, 
in the present embodiment, the anode of the diode D3, 
which constitutes a bootstrap circuit BS, is connected to 
the voltage application point P2; I.e., the drain of the 
transistor Q2. 



[021 6] Except for the above, the present embodiment 
has the same configuration as that of the fifth embodi- 
ment. 

[021 7] For example. In accordance with the duty-ratio 
5 drive signal for the transistor Q2 output from the CPU 
21 , the pre-driver 24 applies voltage charged in the ca- 
pacitor C3 to the gate of the transistor Q2 via the HO 
terminal. Further, in accordance with the duty-ratio drive 
signal for the transistor Q1 output from the CPU 21 , the 
10 pre-driver 24 applies voltage (DC 12 V In the present 
embodiment) at the application point P1 to the gate of 
the transistor Q1 via the LO terminal. 
[0218] In the present embodiment, the controller 20 
serves as steering state judgment means. 

15 

<Operation> 

[0219] Next, operation of the tenth embodiment hav- 
ing the above-described configuration will be described. 

20 [0220] When the controller 20 judges that the motor 
6 Is in a power generation state, the controller 20 turns 
the transistors Q1 and Q2 on and off alternately, as In 
the fifth embodiment (see FIG. 12). As a result, accu- 
mulation of energy In the coil L and discharge of energy 

2s from the coil L are repeated, and high voltage generated 
by discharge appears on the drain side of the transistor 
Q2, 

[0221] That is, when the transistor Q1 is turned on and 
the transistor Q2 is turned off, current flows to the 

30 ground via the transistor Q1 . When the transistor Q1 is 
then turned off. the current flowing through the coil L is 
cut off. When the current flowing through the coil L is cut 
off, high voltage is generated on the drain side of the 
transistor Q2 in an on state so as to prevent magnetic 

35 flux from changing in response to cut off of the current. 
Through iteration of this operation, high voltage Is gen- 
erated repeatedly on the drain side of the transistor Q2. 
The high voltage is smoothed by means of the capacitor 
C2 and is fed to the point P2 as output voltage VgpiQ. 

40 [0222] Since the drain potential of the transistor Q2 
Increases in the above-described manner, the potential 
of the capacitor C3 of the bootstrap circuit BS also In- 
creases by the action of the bootstrap. Specifically, 
when the transistor Q1 is turned on, the drain of the tran- 

45 sistor Q1 assumes the ground potential. As a result, the 
capacitor C3 is charged to the potential at the voltage 
application point P2 (drain potential of the transistor Q2). 
When the transistor Q1 is turned off, the drain potential 
of the transistor Q1 Increases to 1 2 V, so that the poten- 

50 tial at the connection point between the diode D3 and 
the capacitor 03 increases to "1 2 V + the drain potential 
of the transistor Q2." 

[0223] In this manner, when the transistor Q1 is turned 
off, the potential at the connection point between the di- 
55 ode D3 and the capacitor C3 becomes higher than the 
source potential of the transistor Q2. 
[0224] Accordingly, when the voltage of the capacitor 
C3 Is applied to the gate of the transistor Q2 In accord- 
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ance with the duty-ratio drive signal (on level) for the 
transistor Q2, the transistor Q2 Is turned on, because 
the gate potential Vg of the transistor Q2 becomes high- 
er than the source potential Vs. 

[0225] Further, when the controller 20 determines that 5 
the motor 6 is in a regeneration state, the controller 20 
maintains the transistor Q1 off continuously, and turns 
the transistor Q2 on and off (PWIVI control). 
[0226] in this case, even when the transistor Q1 Is 
maintained off continuously, the drain potential of the io 
transistor Q2 increases due to regenerative power gen- 
erated at the motors. Therefore, when the transistor Q1 
is turned off, the drain potential of the transistor Q1 in- 
creases to 12 V, so that the potential at the connection 
point between the diode D3 and the capacitor C3 In- is 
creases to "12 V + the drain potential of the transistor 
Q2." 

[0227] As a result, when the transistor Q1 is turned 
off, the potential at the connection point between the di- 
ode D3 and the capacitor C3 becomes higher than the 20 
source potential of the transistor Q2. 
[0228] Accordingly, when the voltage of the capacitor 
C3 is applied to the gate of the transistor Q2 in accord- 
ance with the duty-ratio drive signal (on level) for the 
transistor Q2, the transistor Q2 is turned on, because 25 
the gate potential Vg of the transistor Q2 becomes high- 
er than the source potential Vs. 

[0229] Accordingly, the tenth embodiment has the fol- 
lowing features. 

30 

(1 ) The tenth embodiment includes the controller 20 
(steering state Judgment means) which judges the 
state of the motor 6 (power generation state or re- 
generation state) on the basis of the difference be- 
tween the target output voltage VgpiQ* and the de- 35 
tected output voltage Vqpig. 

The first and second switching elements are 
constituted by the transistors Q1 and Q2, each of 
which is an n-channel MOSFET. Further, the boot- 
strap circuit BS including the capacitor C3 (boot- 40 
strap capacitor) is connected to the drain of the tran- 
sistor Q2. in order to use the bootstrap circuit BS 
as a drive source for the transistor Q2 (second 
switching element), the capacitor C3 is connected 
to the gate of the transistor Q2 such that the poten- 45 
tial of the capacitor C3 is applied to the gate of the 
transistor Q2. 

Meanwhile, when the controller 20 judges that 
the motor 6 is in a power generation state, the con- 
troller 20 turns the transistors Q1 and Q2 on and off 50 
alternately. When the controller 20 judges that the 
motor 6 is in a regeneration state, the controller 20 
turns only the transistor Q2 on and off. 

As a result, in the tenth embodiment as well, 
even when the transistor Q1 is maintained off con- 55 
tinuously in a regeneration period, the drain poten- 
tial of the transistor Q2 increases due to regenera- 
tive power, so that the gate potential Vg of the tran- 



sistor Q2 becomes higher than the source potential 
Vs. Therefore, the transistor Q2 can be turned on 
and off, whereby regenerative current can be ab- 
sorbed by the battery. 

(2) The tenth embodiment has the following advan- 
tage as compared with the case in which the boot- 
strap circuit BS is connected as In the fifth embod- 
iment. 

In the fifth embodiment, In regeneration peri- 
ods, a first period Ta in which the transistor Q1 Is 
subjected to PWM control of the fixed duty ratio a1 
is provided in order to enable on-off drive of the tran- 
sistor Q2 even when the capacitor C3 is discharged 
in a second period Tb. By contrast, in the tenth em- 
bodiment, since the transistor Q1 can be main- 
tained off continuously, no heat is generated by the 
transistor Q1 , whereby efficiency can be improved. 

(3) When a charge pump scheme Is employed, cost 
of the circuit increases. In the tenth embodiment, a 
charge pump scheme is not employed, and a simple 
circuit consisting of a diode and a capacitor is used. 
Therefore, the step-up circuit 1 00 can be fabricated 
inexpensively as compared with the case In which 
a charge pump scheme is employed. Further, In re- 
generation periods, performance comparable to 
that of the charge pump scheme can be obtained. 

1 1 . Eleventh Embodiment 

[0230] Next, an eleventh embodiment will be de- 
scribed with reference to FIGS. 21 and 22. 
[0231] The eleventh embodiment has the same con- 
figuration as those of the first and second embodiments 
but differs from these embodiments in that the target 
output voltage VgpiQ* is variable. Mainly this difference 
will be described. 

[0232] The controller 20 according to the present em- 
bodiment will be described. 

[0233] FIG. 21 shows a functional block diagram of 
the controller 20. That is, FIG. 21 shows a control block 
diagram showing functions realized through execution 
of a program in the CPU 21 . 

[0234] The respective blocks shown the control block 
diagram do not represent independent hardware units 
but represent functions realized by means of the CPU 
21 . The controller 20 serves as step-up circuit control 
means. 

[0235] The CPU 21 includes a target-output-voltage 
setting section 160, a computing unit 11 0, a PID control 
section 120, a PWM computation section 130, and an 
A/D conversion section 150. 

[0236] The computing unit 110, the PID control sec- 
tion 120, the PWM computation section 130, and the A/ 
D conversion section 150 have been described in the 
first embodiment; for details, please referto that descrip- 
tion. 

[0237] in the first and second embodiments, the target 
output voltage VgpiQ* Is maintained at a constant volt- 
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age; e.g., 20 V. By contrast, in the present ennbodiment, 
the target-output-vottage setting section 160 changes 
the target output voltage Vqpig* <n accordance with the 
q-axis command current Iq*. Specifically, as shown in 
FIG. 21 , when the q-axis command current Iq* falls in a 
high current region MS, the target-output-voltage setting 
section 160 decreases the target output voltage Vqpiq* 
as compared with the case in which the q-axis command 
current Iq* falls in a low current region M1 or in an inter- 
mediate current region l\^2. The target-output-voltage 
setting section 1 60 is formed by a two-dimensional map 
which defines the relation between the q-axis command 
current Iq* and the target output voltage Vqpjg*. The 
map is stored In the ROM 22. When the q-axis command 
current Iq* is input to the CPU 21 , the CPU 21 calculates 
the target output voltage Vqpiq* with reference to the 
two-dimensional map. 

[0238] When a large power is output for steering while 
the vehicle remains stationary or during low speed trav- 
el, motor-speed following capability (ability of the motor 
for following instructed speed) is not required, so that 
step-up operation is not required. In this case, the tran- 
sistors Q1 and Q2 for step-up operation may be stopped 
completely. During low speed travel (including the case 
in which vehicle speed is zero) , the q-axis command cur- 
rent Iq* enters the high current region MS. Therefore, In 
the high current region MS where the q-axis command 
current Iq* is high, the target output voltage VgpiQ* is 
decreased. As a result, the step-up circuit 100 stops 
step-up operation or decreases the degree of step-up 
as compared with the case in which the q-axis command 
current Iq* falls in the region Ml or M2. 
[0239] During intermediate speed travel, although the 
q-axis command current Iq* is not required to increase 
very much, the motor speed must be increased. The in- 
termediate current region M2 is provided for such a 
case. In the region M2, the step-up circuit 1 00 increases 
the degree of step-up as compared with the case in 
which the q-axIs command current Iq* falls in the region 
MS. 

[0240] During high speed travel, motor-speed follow- 
ing capability is needed, and the step-up operation is 
required. The low current region M1 is provided for such 
a case. In the region Ml , the step-up circuit 1 00 increas- 
es the degree of step-up as compared with the case in 
which the q-axis command current Iq* falls in the region 
M2. 

[0241] As shown in FIG. 22, the same controls as 
those in the second embodiment are performed in pow- 
er generation and regeneration periods. 
[0242] The eleventh embodiment has the following ef- 
fects. 

(1) In the eleventh embodiment as well, the same 
controls as those in the second embodiment are 
performed in power generation and regeneration 
periods. Therefore, the same effects as those 
achieved by the second embodiment can be 



achieved. 

(2) In the eleventh embodiment, the controller 20 
(step-up circuit control means) includes the target- 
output-voltage setting section 160 (target-output- 

5 voltage setting means) for setting the target output 
voltage V^piQ* of the step-up circuit 1 00; the PID 
control section 120 (control computation means for 
performing at least P control) for performing PID 
control computation on the basis of the difference 

10 between the target output voltage VgpiQ* and the 
detected output voltage Vqp,q.; and the PWM com- 
putation section 1 30 (PWM computation means) for 
performing PWM computation on the basis of the 
value calculated by means of the PID control sec- 

15 tion 120 and computing a duty ratio. The first and 
second switching elements Q1 and Q2 are turned 
on and off on the basis of the duty ratio a computed 
by means of the PWM computation section ISO. 

20 [0243] Moreover, when the q-axis command current 
Iq* (motor control signal), which is a parameter indicat- 
ing the operation state of the motor 6, is input to the tar- 
get-output-voltage setting section 160, the target-out- 
put-voltage setting section 1 60 changes the target out- 

25 put voltage Vqpiq* in accordance with the input value. 
[0244] When a large power is output for steering while 
the vehicle remains stationary or during low speed trav- 
el, motor-speed following capability is not required, so 
that step-up operation is not required. Therefore, In the 

30 high current region MS where the q-axis command cur- 
rent Iq* is high, the target output voltage Vqpiq* is de- 
creased. Therefore, heat generation at the coil L and the 
transistors Q1 and Q2 can be suppressed, and loss de- 
creases, whereby efficiency can be increased. 

35 

12. Twelfth Embodiment 

[0245] Next, a twelfth embodiment will be described 
with reference to FIG. 23. 
40 [0246] The twelfth embodiment is a modification of the 
eleventh embodiment. 

[0247] The target-output-voltage setting section 160 
of the eleventh embodiment is formed by a two-dimen- 
sional map which defines the relation between q-axis 

45 command current Iq* and target output voltage Vbpiq*. 
By contrast, the target-output- voltage setting section 
1 60 of the present embodiment is formed by a two-di- 
mensional map which defines the relation between ve- 
hicle speed V and target output voltage Vqpig*. 

50 [0248] That is, in the present embodiment, the target- 
output- voltage setting section 160 changes the target 
output voltage Vqpiq* in accordance with the vehicle 
speed V. Specifically, as shown in FIG. 23, when the ve- 
hicle speed V falls in a low speed region VI , the target- 

55 output-voltage setting section 1 60 decreases the target 
output voltage Vqpiq* as compared with the case in 
which the vehicle speed V falls in an intermediate speed 
region V2 or in a high speed region VS. The map Is 
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Stored in the ROM 22. When the vehicle speed V Is input 
to the CPU 21 , the CPiJ 21 calcuiates the target output 
voltage Vqpiq* with reference to the two-dimensional 

map. 

[0249] Accordingly, the apparatus of the twelfth em- 
bodiment operates as follows. 

[0250] When a large power is output for steering while 
the vehicle remains stationary or during low speed trav- 
el, the motor 6 Is not required to have rotational-speed 
following capability, so that step-up operation is not re- 
quired. Therefore, during low speed travel (including the 
case in which vehicle speed is zero), the transistors Q1 
and Q2 for step-up operation may be stopped complete- 
ly. The low speed region V1 is provided for such low 
speed traveling. In the low speed region V1 , the target 
output voltage Vqpiq* is decreased, so that the step-up 
circuit 1 00 stops step-up operation or decreases the de- 
gree of step-up as compared with the case in which the 
vehicle speed V falls in the region V2 or V3. 
[0251] During intermediate speed traveling, only the 
motor speed must be increased. The intermediate 
speed region V2 is provided for such a case. In the in- 
termediate speed region V2, the step-up circuit 100 in- 
creases the degree of step-up as compared with the 
case in which the vehicle speed V falls in the region VI . 
[0252] During high speed travel, motor-speed follow- 
ing capability is needed. The high speed region V3 is 
provided for such a case. In the high speed region V3, 
the step-up circuit 100 Increases the degree of step-up 
as compared with the case in which the vehicle speed 
V falls in the region V2. 

[0253] The same controls as those In the eleventh 
embodiment shown in FIG. 22 are perfonned In power 
generation and regeneration periods. 
[0254] Therefore, the twelfth embodiment has the fol- 
lowing effects. 

(1) The same effects as those of the eleventh em- 
bodiment mentioned In section (1 ) of the description 
for the eleventh embodiment. 

(2) In the twelfth embodiment, the controller 20 
(step-up circuit control means) includes the target- 
output-voltage setting section 160 (target-output- 
voltage setting means) for setting the target output 
voltage Vbp,q* of the step-up circuit 100; the RID 
control section 120 (control computation means for 
performing at least P control) for performing PID 
control computation on the basis of the difference 
between the target output voltage Vqpig* and the 
detected output voltage Vqpi^; and the PWM com- 
putation section 1 30 (PWM computation means) for 
perfomriing PWM computation on the basis of the 
value calculated by means of the PID control sec- 
tion 120 and computing a duty ratio. The first and 
second switching elements Q1 and Q2 are turned 
on and off on the basis of the duty ratio a computed 
by means of the PWM computation section 130. 



[0255] Moreover, when the vehicle speed V, which Is 
a parameter Indicating the operation state of the motor 
6, is input to the target-output-voltage setting section 
160, the target-output-voltage setting section 160 
5 changes the target output voltage V^piQ* in accordance 
with the input value. 

[0256] As a result, in the twelfth embodiment, when a 
large power is output for steering while the vehicle re- 
mains stationary or during low speed travel, the target 
10 output voltage VgpiQ* is decreased. Therefore, heat 
generation at the coil L and the transistors Q1 and Q2 
can be suppressed, and loss decreases, whereby effi- 
ciency can be increased. 

IS 13. Thirteenth Embodiment 

[0257] Next, a thirteenth embodiment will be de- 
scribed with reference to FIG. 24. 
[0258] The thirteenth embodiment Is a modification of 

20 the eleventh embodiment. 

[0259] The target-output-voltage setting section 160 
of the eleventh embodiment is formed by a two-dimen- 
sional map which defines the relation between q-axis 
command current Iq* and target output voltage VgpiQ*. 

25 By contrast, the target-output-voltage setting section 
160 of the present embodiment is formed by a two-di- 
mensional map which defines the relation between an- 
gular velocity o) (motor angular velocity) and target out- 
put voltage Vbpiq*- 

30 [0260] That is, in the present embodiment, the target- 
output-voltage setting section 160 changes the target 
output voltage Vqpiq* In accordance with the angular ve- 
locity to. Specifically, as shown In FIG. 24, when the an- 
gular velocity CO falls In a low velocity region a>1 , the tar- 

35 get-output-voltage setting section 160 decreases the 
target output voltage VgpiQ* as compared with the case 
in which the angular velocity co falls in an intermediate 
velocity region <o2 or in a high velocity region o>3. The 
map is stored in the ROM 22. When the angular velocity 

40 CO Is Input to the CPU 21 . the CPU 21 calculates the tar- 
get output voltage Vqp,q* with reference to the two-di- 
mensional map. 

[0261] Accordingly, the apparatus of the thirteenth 
embodiment operates as follows. 

45 [0262] The problem of low motor-speed following ca- 
pability may occur when the motor 6 rotates at high 
speed, depending on whether or not current can flow 
into the un Illustrated winding of the motor 6. Therefore, 
the rotational-speed following capability of the motor 6 

50 is Improved by Increasing the output voltage in accord- 
ance with the motor angular velocity o). 
[0263] When the motor angular velocity o) falls within 
the low velocity region (o1, step-up operation is not 
required. Therefore, in such a case, the transistors Q1 

55 and Q2 for step-up operation may be stopped 
completely. In the low velocity region col, the target 
output voltage Vqpjq* Is decreased, so that the step-up 
circuit 100 stops step^up operation or decreases the 
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degree of step-up as compared with the case in which 
the angular velocity lo falls In the region cd2 or w3. 
[0264] When the motor angular velocity o) falls within 
the high velocity region <o3, step-up operation is re- 
quired. Therefore, in the high velocity region toS, an in- 5 
creased target output voltage Vqpiq* is applied to the 
step-up circuit 100, so that the step-up circuit 1 00 per- 
forms step-up operation at a step-up ratio greater than 
that In the region <o1 . In the intermediate velocity region 
(02, the target output voltage V^piQ* is adjusted in such 
a manner that the step-up circuit 1 00 performs step-up 
operation at a step-up ratio greater than that in the re- 
gion o)1 and less than that in the region (o3. 
[0265] The same controls as those in the eleventh 
embodiment shown in FIG. 22 are perfomned in power 
generation and regeneration periods. 
[0266] Therefore, the thirteenth embodiment has the 
following effects. 

(1) The same effects as those of the eleventh em- 
bodiment mentioned in section (1 ) of the description 
for the eleventh embodiment. 

(2) In the thirteenth embodiment, the controller 20 
(step-up circuit control means) includes the target- 
output-voltage setting section 160 (target-output- 
voltage setting means) for setting the target output 
voltage VgpiG* of the step-up circuit 100; the PID 
control section 120 (control computation means for 
performing at least P control) for performing PID 
control computation on the basis of the difference 
between the target output voltage V^pi^* and the 
detected output voltage Vqpiq; and the PWiV/l com- 
putation section 130 (PWM computation means) for 
performing PWM computation on the basis of the 
value calculated by means of the PID control sec- 
tion 120 and computing a duty ratio. The first and 
second switching elements Q1 and Q2 are turned 
on and off on the basis of the duty ratio a computed 
by means of the PWM computation section 130. 

[0267] Moreover, when the motor angular velocity co, 
which is a parameter indicating the operation state of 
the motor 6, is input to the target-output-voltage setting 
section 160, the target-output-voltage setting section 
1 60 changes the target output voltage ^qp\q* in accord- 
ance with the input value. As a result, in the thirteenth 
embodiment, the rotational-speed following capability of 
the motor 6 can be improved by increasing the output 
voltage in accordance with the motor angular velocity co. 
Moreover, since the output voltage is increased through 
step-up operation only when high voltage is required, 
the heat generation at the coit L and the transistors Q1 
and Q2 can be suppressed, as compared with the case 
in which step-up operation is perfomied at ail times. 

14. Fourteenth Embodiment 

[0268] Next, a fourteenth embodiment will be de- 



scribed with reference to FIG. 25. 

[0269] The fourteenth embodiment Is a modification 

of the eleventh embodiment. 

[0270] The target-output-voltage setting section 1 60 
of the eleventh embodiment is formed by a two-dimen- 
sional map which defines the relation between q-axis 
command current Iq* and target output voltage Vbpig*- 
By contrast, the target-output-voltage setting section 
1 60 of the present embodiment is formed by a two-di- 
mensional map which defines the relation between 
steering torque x and target output voltage Vqpiq*. 
[0271 ] That is, in the present embodiment, the target- 
output-voltage setting section 160 changes the target 
output voltage V^piG* in accordance with the steering 
torque t. Specifically, as shown in FIG. 25, when the 
steering torque t falls in a low torque region t1 , the tar- 
get-output-voitage setting section 160 decreases the 
target output voltage VgpiQ* as compared with the case 
in which the steering torque t falls in an intermediate 
torque region x2 or in a high torque region t3. The map 
is stored in the ROM 22. When the steering torque i is 
input to the CPU 21 , the CPU 21 calculates the target 
output voltage VgpiQ* with reference to the two-dimen- 
sional map. 

[0272] Accordingly, the apparatus of the fourteenth 
embodiment operates as follows. 
[0273] The problem of low motor-speed following ca- 
pability may occur when the motor 6 rotates at high 
speed and a large counter electromotive force is pro- 
duced. In such a case, causing current to flow into the 
motor 6 becomes impossible, so that assist force de- 
creases, and steering torque increases. 
[0274] Therefore, the steering torque t is monitored, 
and the output voltage is increased in accordance with 
the steering torque t in order to enable current to flow 
into the motor 6, to thereby improve the following capa- 
bility. 

[0275] Specifically, the rotational -speed following ca- 
pability of the motors is improved by increasing the out- 
put voltage in accordance with the steering torque x. 
[0276] When the steering torque x falls within the low 
torque region t1, step-up operation is not required. 
Therefore, in such a case, the transistors Q1 and Q2 for 
step-up operation may be stopped completely. In the low 
torque region xl , the target output voltage VgpiQ* Is de- 
creased, so that the step-up circuit 100 stops step-up 
operation or decreases the degree of step-up as com- 
pared with the case in which the steering torque x fails 
in the region x2 or x3. 

[0277] When the steering torque x falls within the high 
torque region x3, step-up operation is required. There- 
fore, in the high torque region x3, an increased target 
output voltage VgpiQ* is applied to the step-up circuit 
1 00, so that the step-up circuit 1 00 performs step-up op- 
eration at a step-up ratio greater than that in the region 
x1 . In the intermediate torque region x2, the target output 
voltage Vqpiq* is adjusted in such a manner that the 
step-up circuit 1 00 performs step-up operation at a step- 
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up ratio greater than that in the region xi and less than 
that in the region t3. 

[0278] The same controls as those in the eleventh 
embodiment shown in FIG. 22 are perfomried in power 
generation and regeneration periods. 
[0279] Therefore, the fourteenth embodiment has the 
following effects. 

(1 ) The same effects as those of the eleventh em- 
bodiment mentioned in section (1 ) of the description 
for the eleventh embodiment. 

(2) In the fourteen embodiment, the controller 20 
(step-up circuit control means) includes the target- 
output-voltage setting section 160 (target-output- 
voltage setting means) for setting the target output 
voltage Vqpiq* of the step-up circuit 100; the PiD 
control section 1 20 (control computation means for 
perfomning at least P control) for performing PID 
control computation on the basis of the difference 
between the target output voltage Vbpiq* and the 
detected output voltage VgpiGi arid the PWM com- 
putation section 1 30 (PWM computation means) for 
perfomning PWM computation on the basis of the 
value calculated by means of the PID control sec- 
tion 120 and computing a duty ratio. The first and 
second switching elements Q1 and Q2 are turned 
on and off on the basis of the duty ratio a computed 
by means of the PWM computation section 130. 

[0280] Moreover, when the steering torque t, which is 
a parameter indicating the traveling conditions of the ve- 
hicle, is input to the target-output-voitage setting section 
160, the target-output-voltage setting section 160 
changes the target output voltage VgpiQ* in accordance 
with the input value. 

[0281] As a result, in the fourteenth embodiment, the 
rotational-speed following capability of the motor 6 can 
be improved by increasing the output voltage in accord- 
ance with the steering torque x. Moreover, since the out- 
put voltage is increased through step-up operation only 
when high voltage is required, the heat generation at the 
coil L and the transistors Q1 and Q2 can be suppressed, 
as compared with the case in which step-up operation 
is performed at all times. 

15. Fifteenth Embodiment 

[0282] Next, a fifteenth embodiment will be described 
with reference to FIG. 26. 

[0283] The fifteenth embodiment is a modification of 

the second embodiment. 

[0284] In the present embodiment, the guard function 
section 140 described in relation to the sixth embodi- 
ment (see FIG. 14) is combined with the configuration 
of the second embodiment. In the sixth embodiment, the 
guard function section 140 provides guard operation in 
regeneration periods only. By contrast, in the present 
embodiment, in both power generation and regenera- 
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tlon periods, the transistors Q1 and Q2 are turned on 
and off as shown in FIG. 7 of the second embodiment, 
and the guard function section 140 is operated during 
the on-off control. 

5 [0285] When the duty ratio a computed by the PWM 
computation section 130 exceeds the guard value aO 
for a certain reason, the guard function section 140 of 
the present embodiment decreases the duty ratio a to 
the guard value aO. 

10 [0286] Accordingly, in the fifteenth embodiment, in 
both power generation and regeneration periods, the 
duty ratio a is set to the guard value aO by means of the 
guard function section 140 when the duty ratio a com- 
puted by the PWM computation section 1 30 exceeds the 

IS guard value aO. Therefore, the output voltage of the 
step-up circuit 100 does not increase excessively, so 
that the step-up circuit 100 does not breal<. 
[0287] Accordingly, the fifteenth embodiment 
achieves the following effects in addition to the effects 

20 achieved by the second embodiment. 

(1) In the fifteenth embodiment, the controller 20 
(step-up circuit control means) includes the target- 
output-voltage setting section 160 (target-output- 
25 voltage setting means) for setting the target output 
voltage Vbpiq* of the step-up circuit 1 00; the PiD 
control section 1 20 (control computation means) for 
performing PID control computation on the basis of 
the difference between the target output voltage 
^BPiG* detected output voltage Vspici and 

the PWM computation section 130 (PWM 
computation means) for performing PWM 
computation on the basis of the value calculated by 
means of the PID control section 120 and 
35 computing a duty ratio. The first and second 
switching elements Q1 and Q2 are turned on and 
off on the basis of the duty ratio a computed by 
means of the PWM computation section 1 30. 

40 [0288] The controller 20 (step-up circuit control 
means) restricts the duty ratio In such a manner that 
PWM control is not performed at a duty ratio greater than 
aO (predetermined duty ratio). 

[0289] When the monitored output voltage Vbpiq as- 
45 sumes an anomalous value because of a failure of the 
RAM 23 or for any other reason, the duty ratio a com- 
puted by means of the PWM computation section 130 
may increase. In the present embodiment, in such a 
case, the guard function section 140 restricts the duty 
50 ratio, so that breakage of the step-up circuit 1 00 can be 
prevented in both power generation and regeneration 
periods. 

Sixteenth to Twenty-second Embodiments 

55 

[0290] The above-described first through fifteenth 
embodiments are directed to embodiments of control for 
the step-up circuit (hereinafter referred to as "step-up 
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control") for power generation and regeneration to be 
performed wiiiie assist controi is being performed. By 
contrast, the sixteenth to twenty-second embodiments 
are directed to embodiments of control to be perfomned 
when the step-up circuit 100 itself breaks while the 
above-described step-up control is being performed. 
[0291] In order to simplify description, the sixteenth to 
twenty-second embodiments will be described on the 
assumption that "ordinary step-up control" in S30, which 
will be described later, is the step-up control having been 
described in relation to the second embodiment. How- 
ever, the present Invention is not limited thereto; the six- 
teenth to twenty-second embodiments can be realized 
even when any of the step-up controls of the first through 
fifteenth embodiments is employed. 

16. Sixteenth Embodiment 

[0292] Next, the sixteenth embodiment will be de- 
scribed with reference to FIG. 27. 
[0293] The sixteenth embodiment is identical with the 
fifteenth embodiment in terms of configuration, but dif- 
fers from fifteenth embodiment in that the controller 20 
perfomns the control shown in FIG. 27. 
[0294] FIG. 27 shows a routine that the CPU 21 of the 
controller 20 executes In order to perform assist control 
and step-up control for the step-up circuit 1 00. This con- 
trol program is stored in the ROM 22 in advance. 
[0295] In step (hereinafter referred to as "S") 10, the 
CPU 21 judges whether the difference (V^piG* - Vbpiq) 
between the target output voltage VgpiQ* and the de- 
tected output voltage VgptQ is not less than a first refer- 
ence value XI (> 0). The first reference value A.1 , which 
is stored in the ROM 22 in advance, is a value which is 
previously determined through a test or any other suit- 
able method and is used to judge whether an open fail- 
ure or short failure has occurred. The temri "open failure" 
means that a transistor is in an open state as a result of 
breal<age. The "short failure" means that a transistor is 
In a shorted state as a result of breakage. In S10, the 
CPU 21 judges whether the transistor Q1 suffers an 
open failure or the transistor Q2 suffers a short failure. 
That is, when the transistor Q1 suffers an open failure 
or the transistor Q2 suffers a short failure, the output 
voltage ^qp\q does not increase. Therefore, when the 
difference is equal to or greater than the first reference 
value X1 , the CPU 21 judges that the transistor Q1 suf- 
fers an open failure or the transistor Q2 suffers a short 
failure. 

[0296] When the difference is less than the first refer- 
ence value X1 , an open failure or a short failure has not 
occurred, and the step-up circuit 1 00 operates properiy. 
In such a case, the CPU S20 resets a time-count counter 
Time 1 to zero in S20, performs ordinary step-up control 
and assist control in step S30, and then returns to S10. 
[0297] In the present embodiment, a judgment value 
is represented by the target output voltage VgpiQ* - the 
first reference value X.1 . because the judgment in S10 



as to whether the difference (Vbpiq* - ^bpig) ^ ^^^^^ 
reference value X^ is equivalent to a judgment as to 
whether (the target output voltage Vbpiq* - the first ref- 
erence value X1 ) ^ the output voltage Vbpjq. 

5 [0298] Note that the ordinary step-up control includes 
control in power generation periods and control in re- 
generation periods. Specifically, in power generation 
and regeneration periods, the transistors Q1 and Q2 are 
turned on and off in a manner as shown in FIG. 7 and 

10 described In relation to the second embodiment. 

[0299] When the CPU 21 judges in S10 that the dif- 
ference is not less than the first reference value A.1 , the 
CPU 21 judges that an open failure or short failure has 
occurred. In such as case, the CPU 21 increments the 

15 time-count counter Time 1 in S40. In S50, the CPU 21 
judges whether a predetennined time T1 has elapsed, 
on the basis of the time-count counter Time 1 . In the 
case in which the open failure or short failure has not 
continued for the predetemnined time T1 , the CPU 21 

20 judges that the step-up circuit 100 is normal, and returns 
to S1 0. The judgment in S50 as to elapsed time is per- 
formed in order to exclude the case in which an open 
failure or short failure having had once occurred has 
been resolved naturally within the predetennined time. 

25 [0300] When the CPU 21 judges In S50 that the pre- 
detennined time T1 has elapsed, the CPU detemnines 
that the step-up circuit 100 is anomalous. In this case, 
in step 60, the CPU 21 stops the step-up control, main- 
tains the transistor Q1 off continuously, and maintains 

30 the transistor 02 on continuously. This processing turns 
the transistor Q1 off and turns the transistor Q2 on from 
the controller side, even though In actuality the transistor 
Q1 suffers an open failure or the transistor Q2 suffers a 
short failure. 

35 [0301 ] Even in the case in which the transistor Q1 suf- 
fers an open failure and the transistor Q2 is normal, the 
transistor Q2 is turned on in orderto enable regenerative 
current to flow to the battery B during regeneration pe- 
riods. 

40 [0302] In subsequent S70, the CPU 21 outputs a 
warning signal (notification signal) to an Illustrated warn- 
ing lamp provided on an instrument panel or the like to 
thereby turn on the warning lamp, and in S80, the CPU 
21 executes assist control at the battery voltage (12 V). 

45 [0303] Even when the step-up control for the step-up 
circuit 1 00 is stopped, assist control at the battery volt- 
age is possible. Therefore, assist control at the battery 
voltage is perfonned. Therefore, during regeneration 
periods, regenerative current can flow to the battery B 

50 via the transistor Q2. 

[0304] In the present embodiment, the controller 20 
serves as the respective means described In relation to 
the second embodiment and further serves as status pa- 
rameter detection means and judgment means. 

55 [0305] The sixteenth embodiment achieves the fol- 
lowing effects in addition to the effects achieved by the 
fifteenth embodiment. 
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(1) In the sixteenth embodiment, the controller 20 
serves as parameter detection means for detecting 
the output voltage Vqpiq (status parameter) of the 
step-up circuit 100 and as judgment means for com- 
paring the output voltage ^qp\q with the judgment 
value (= the target output voltage VgpiQ* - the first 
reference value X^ ) so as to judge whether or not 
the step-up circuit 100 is nomnal. 

Further, the controller 20 serves as step-up cir- 
cuit control means In order to stop the step-up con- 
trol for the step-up circuit 1 00 on the basis of the 
resutt of the judgment (see S60). 

As a result, when the step-up circuit 1 00 suffers 
a failure, the step-up control for the step-up circuit 
1 00 can be stopped, whereby breakage of the step- 
up circuit 100 in an anomalous state can be pre- 
vented. 

(2) In the present embodiment, when the step-up 
circuit 1 00 is not nomnal, this is reported by means 
of a warning lamp (reporting means). As a result, 
the failure of the step-up circuit 1 00 can be reported 
to a driver of the vehicle. 

(3) In the present embodiment, when the step-up 
circuit 100 is not normal (in particular, when the dif- 
ference between the. target output voltage V3PIQ* 
and the detected output voltage VgpiQ is not less 
than the first reference value X1), the controller 20 
determines that the transistor Q1 suffers an open 
failure or the transistor Q2 suffers a short failure. 

In such a case, the controller 20 maintains the 
transistor Q1 (first switching element) off continu- 
ously, and maintains the transistor Q2 (second 
switching element) on continuously. 

As a result, although assist control cannot be 
perfomned by use of boosted voltage obtained 
through step-up control for the step-up circuit 100, 
assist control can be performed continuously at the 
battery voltage, and during regeneration periods, 
regenerative current can be absorbed by the battery 
B. 

(4) In the present embodiment, when the output 
voltage VgpiQ < (the target output voltage Vqpiq* - 
the first reference value a judgment can be 
made that the transistor Q1 suffers an open failure 
or the transistor Q2 suffers a short failure. 

(5) In the sixteenth embodiment, the controller 20 
(judgment means) judges that the step-up circuit 
1 00 suffers a failure only when an anomalous state 
continues for the first predetermined time T1 . Since 
the controller 20 does not judge that the step-up cir- 
cuit 100 suffers a failure when an anomalous state 
does not continue for the first predetermined time 
T1 , the case in which the anomalous state is re- 
moved within the first predetermined time T1 can 
be excluded. 



17. Seventeenth Embodiment 

[0306] Next, the seventeenth embodiment will be de- 
scribed with reference to FIGS. 28 and 29, 

5 [0307] The seventeenth embodiment employs the 
hardware configuration of the sixteenth embodiment; 
however, as shown in FIG. 28, a power relay 200 is in- 
serted between the battery B and the application point 
PI . The power relay 200 is turned on and off in accord- 

10 ance with a control signal from the controller 20. Note 
that when the controller 20 is started, the power relay 
200 is turned on. 

[0308] Moreover, a phase open relay 210 is inserted 
between the U-phase winding of the motor 6 and the 

15 connection point 83U between the FET 81 U and the 
FET 82U of the motor drive unit 35. Similarly, a phase 
open relay 220 is inserted between the W-phase wind- 
ing of the motor 6 and the connection point 83W be- 
tween the FET 81 W and the FET 82W of the motor drive 

20 unit 35. The phase open relays 210 and 220 are turned 
on and off in accordance with a control signal from the 
controller 20. Note that when the controller 20 is started, 
the phase open relays 210 and 220 are turned on. 
[0309] The power relay 200 serves as first open-close 

25 means; and the application point PI serves as a battery- 
voltage supply section. The phase open relays 210 and 
220 serve as second open-close means. 
[0310] Moreover, as shown In FIG. 29, the control in 
the present embodiment differs from that In the sixteenth 

30 embodiment in that instead of the judgment in S10, a 
judgment in SI OA is performed; and instead of the 
processing In S60 to S80, processing in S90 and SI 00 
is performed, and then the control is ended. Since the 
remaining steps are the same, the remaining steps are 

35 denoted by the same step numbers, and their repeated 
descriptions are omitted (in the following embodiments 
as well, the same steps are denoted by the same step 
numbers, and their repeated descriptions are omitted). 
[0311] In SI OA. the CPU 21 judges whether the dif- 

40 ference (V^piQ - VgpiQ*) between the detected output 
voltage VgpiQ and he target output voltage ^bpig* '® 
less than a second reference value X2 (> 0). The second 
reference value X2, which is stored in the ROM 22 in 
advance, is a value which is previously determined 

45 through a test or any other suitable method and is used 
to judge whether the above-described open failure has 
occurred. In SI OA, the CPU 21 judges whether the tran- 
sistor Q2 suffers an open failure. When the transistor 
Q2 suffers an open failure, during regeneration periods, 

50 no regenerative current flows to the battery B, and the 
capacitor C2 cannot be discharged, so that the output 
voltage V^piQ increases. Therefore, when the difference 
is equal to or greater than the second reference value 
X2, the CPU 21 judges that the transistor Q2 suffers an 

55 open failure. 

[0312] When the difference Is less than the second 
reference value A2, the CPU 21 proceeds to S20. When 
the difference is equal to or greater than the second ref- 
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erence value X2, the CPU 21 proceeds to S50 via S40. 
[0313] In the present embodinnent, the judgment 
value is represented by the second reference value A2 
+ the target output voltage VgpiQ*, because the 
judgment in S1 OA as to whether the difference (VgpiQ - 
Vqpiq*) ^ the second reference value X2 is equivalent 
to a judgment as to whether the output voltage Vbpiq > 
(the second reference value X2 + the target output 
voltage Vbp,g*). 

[0314] When the CPU 21 judges in S50 that the pre- 
determined time T1 has elapsed, the CPU 21 proceeds 
to S90. 

[031 5] ! n S90, the CPU 21 outputs an off control signal 
to the phase open relays 210 and 220 to thereby turn 
the phase open relays 21 0 and 220 off, and stops output 
of duty-ratio drive signals to the transistors Q1 and Q2. 
Simultaneously, the controller 20 turns the power relay 
200 off. 

[0316] As a result, the supply of electrical power to 
the step-up circuit 100 and the U-phase and W-phase 
windings of the motor 6 is stopped. 
[0317] In subsequent SI 00, the CPU 21 outputs a 
warning signal (notification signal) to an illustrated warn- 
ing lamp provided on an Instrument panel or the like, 
and ends the control routine of FIG. 29. 
[031 8] I n the present embodiment as well , the control- 
ler 20 serves as the respective means described in re- 
lation to the second embodiment and further serves as 
status parameter detection means and judgment 
means. 

[0319] The seventeenth embodiment achieves the 
following effects in addition to the effect of the sixteenth 
embodiment mentioned in section (5) of the description 
for the sixteenth embodiment. 

(1) In the sixteenth embodiment, the controller 20 
serves as parameter detection means for detecting 
the output voltage Vqpiq (status parameter) of the 
step-up circuit 1 00 and as judgment means for com- 
paring the output voltage Vqpiq with the judgment 
value [- the second reference value X2 + the target 
output voltage VgpiQ*) so as to judge whether or not 
the step-up circuit 100 is nomnal. 

Further, the controller 20 serves as step-up cir- 
cuit control means in order to stop the step-up con- 
trol for the step-up circuit 100 on the basis of the 
result of the judgment (see S90). 

As a result, when the step-up circuit 1 00 suffers 
a failure, the step-up control for the step-up circuit 
100 can be stopped. 

(2) As in the sixteenth embodiment, when the step- 
up circuit 100 is not normal, this is reported by 
means of a warning lamp (reporting means). As a 
result, the failure of the step-up circuit 100 can be 
reported to a driver of the vehicle. 

(3) in the present embodiment, when the step-up 
circuit 100 Is not normal (In particular, when the dif- 
ference between the detected output voltage V3PIQ 



and the target output voltage Vqpiq* is not less than 
the second reference value X2), the controller 20 
detemilnes that the transistor Q2 suffers an open 
failure. 

5 In such a case, the controller 20 operates the 

power relay 200 (first open-close means) to thereby 
stop the supply of electrical power to the step-up 
circuit 1 00. Further, the controller 20 supplies an off 
control signal to the phase open relays 21 0 and 220 

10 in order to stop the supply of electrical power to the 
windings of the motor 6. 

As a result, when the step-up circuit 1 00 suffers 
a failure, the operation mode of the motor-driven 
power steering apparatus is switched to a manual 

15 Steering mode, so that no regenerative current 
flows into the step-up circuit 1 00 even when the mo- 
tor 6 enters a regeneration state. Therefore, break- 
age of circuit elements, such as the capacitor C2, 
of the step-up circuit 100, and breakage of circuit 

20 elements of the motor drive unit 35 can be prevent- 
ed. 

(4) In the present embodiment, when the output 
voltage VgpiQ ^ (the second reference value A2 + 
the target output voltage V^piQ*), a judgment can 
25 be made that the transistor Q2 suffers an open fail- 
ure. 

18. Eighteenth Embodiment 

30 [0320] The eighteenth embodiment will be described 
with reference to FIG. 30. 

[0321] The hardware configuration of the present em- 
bodiment is identical with that of the seventeenth em- 
bodiment. 

35 [0322] As shown in FIG. 30, In the present embodi- 
ment, a portion of the routine of the sixteenth embodi- 
ment (see FIG. 27) and a portion of the routine of the 
seventeenth embodiment (see FIG. 29) are combined. 
[0323] That is, the routine of the present embodiment 

40 for step-up control for the step-up circuit 1 00 and assist 
control are constituted by 810 to 850, 890, and 8100. 
[0324] In the present embodiment as well, the control- 
ler 20 serves as the respective means described in re- 
lation to the second embodiment and further serves as 

45 status parameter detection means and judgment 
means. 

[0325] Therefore, the eighteenth embodiment 
achieves the following effects. 

so (1) Since the present embodiment has the same 
configuration as that of the sixteenth embodiment, 
the same effects as those of the sixteenth embodi- 
ment mentioned in sections (1), (2), (4), and (5) of 
the description for the sixteenth embodiment are 

55 achieved. 

(2) In the present embodiment, when the step-up 
circuit 1 00 Is not normal (in particular, when the dif- 
ference between the target output voltage V3p,3* 
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and the detected output voltage Vqpig is not less 
than the first reference value the controller 20 
detemnines that the transistor Q1 suffers an open 
failure or the transistor Q2 suffers a short failure. 

5 

[0326] In such a case, the controller 20 operates in 
the same nnanner as in the case of the seventeenth em- 
bodiment in order to stop the supply of electrical power 
to the step-up circuit 1 00 and the windings of the motor 
6. 10 
[0327] As a result, when the step-up circuit 100 suf- 
fers a failure, the operation mode of the motor-driven 
power steering apparatus is switched to a manual steer- 
ing mode, so that no regenerative current flows into the 
step-up circuit 100 even when the motor 6 enters a re- is 
generation state. Therefore, breakage of circuit ele- 
ments, such as the capacitor C2, of the step-up circuit 
1 00, and breakage of circuit elements of the motor drive 
unit 35 can be prevented. 

20 

19. Nineteenth Embodiment 

[0328] The nineteenth embodiment wilt be described 
with reference to FIGS. 31 and 32. 

[0329] The present embodiment employs the same 25 
hardware configuration as that of the seventeenth em- 
bodiment; however, the drain of the transistor Q1 is con- 
nected to a voltage input port of the controller 20 in order 
to enable the controller 20 to detect drain voltage Vp,Q2 
of the transistor Q1 . 30 
[0330] As shown in FIG. 32, the routine of the present 
embodiment for step-up control for the step-up circuit 
1 00 and assist control differs from that of the eighteenth 
embodiment in that, in place of the judgment in S10 of 
the routine of the eighteenth embodiment, a judgment 35 
in S1 1 0 is performed. The remaining steps are the same, 
as those of the eighteenth embodiment. 
[0331] In S1 10, in order to judge whether the transis- 
tor Q1 suffers a short failure, the CPU 21 of the controller 
20 judges whether the detected drain voltage VpiQ2 is 
equal to or less than a third reference value A3 (judg- 
ment value). Note that the third reference value X3 Is 
stored in the ROM 22 in advance, and is a value which 
is close to the ground potential and is determined In ad- 
vance through a test or any other suitable method in or- 45 
der to judge a short failure. When the CPU 21 judges in 
S1 1 0 that the drain voltage VpiQ2 is equal to or less than 
the third reference value A3, the CPU 2 1 determines that 
the transistor Q1 suffers a short failure and proceeds to 
S40. When the CPU 21 judges that the drain voltage so 
Vp,Q2 is greater than the third reference value )C3, the 
CPU 21 detemnines that the transistor Q1 does not suf- 
fer a short failure and proceeds to 820. 
[0332] in the present embodiment as well, the control- 
ler 20 serves as the respective means described in re- S5 
lation to the second embodiment and further serves as 
status parameter detection means and judgment 
means. 
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[0333] Accordingly, the nineteenth embodiment 
achieves the following effects. 

(1 ) In the nineteenth embodiment, the controller 20 
serves as status parameter detection means for de- 
tecting the drain voltage Vp,Q2 the transistor Q1 , 
which is a status parameter of the step-up circuit 
100, and as judgment means for comparing the 
drain voltage VpiG2 with the third reference value 
X3, serving as a judgment value, to thereby judge 
whether or not the step-up circuit 100 is normal. 

Further, the controller 20 serves as step-up cir- 
cuit control means in order to stop the step-up con- 
trol for the step-up circuit 100 on the basis of the 
result of the judgment (see S90). 

As a result, when the step-up circuit 1 00 suffers 
a failure, the step-up control for the step-up circuit 
100 can be stopped. 

(2) The same effects as those of the sixteenth em- 
bodiment mentioned in sections (2) and (5) of the 
description for the sixteenth embodiment are 
achieved. 

(3) In the present embodiment, when the step-up 
circuit 100 is not normal (in particular, when the 
drain voltage VpiG2 of the transistor Q1 has been 
judged to be equal to or less than the third reference 
value A3), the controller 20 determines that the tran- 
sistor Q1 suffers a short failure. In this case, the 
controller 20 operates in the same manner as in the 
case of the seventeenth embodiment in order to 
stop the supply of electrical power to the step-up 
circuit 1 00 and the windings of the motor 6. 

When the transistor Q1 suffers a short failure, 
short current flows from the battery B to the ground 
via the coil L, so that circuit elements through which 
the short current flows generate excessive heat. 

By contrast, in the present embodiment having 
the above-described configuration, excessive heat 
generation due to short current can be avoided. 

Moreover, when the step-up circuit 1 00 suffers 
a failure, the operation mode of the motor-driven 
power steering apparatus Is switched to a manual 
steering mode, so that no regenerative current 
flows into the step-up circuit 1 00 even when the mo- 
tor 6 enters a regeneration state. Therefore, break- 
age of circuit elements, such as the capacitor C2, 
of the step-up circuit 100, and breakage of circuit 
elements of the motor drive unit 35 can be prevent- 
ed. 

(4) In the present embodiment, the controller 20 
(status parameter detection means) detects the 
drain voltage VpjQg ^^e transistor Q1 (first switch- 
ing element) as a status parameter; and the control- 
ler 20 (judgment means) judges that the step-up cir- 
cuit 100 is in an anomalous state when the drain 
voltage VpiQ2 is equal to or less than the third ref- 
erence value A3. 
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[0334] As a result, the transistor Q1 can be Judged to 
suffer a short failure. 

20. Twentieth Ennbodlment 

5 

[0335] The twentieth embodiment will be described 
with reference to FIG. 33. 

[0336] The present embodiment employs the same 
hardware configuration as that of the seventeenth em- 
bodiment. However, as shown in FIG. 33, the routine of io 
the present embodiment for step-up control for the step- 
up circuit 100 and assist control differs from that of tlie 
eighteenth embodiment in that, in place of the judgment 
in S10 of the routine of the eighteenth embodiment, a 
judgment in S1 20 is performed. The remaining steps are f 5 
the same as those of the eighteenth embodiment. 
[0337] In S120, in order to judge whether the 
transistor Q2 suffers an open failure, the CPU 21 of the 
controller 20 judges whetherthe detected output voltage 
Vqpiq is equal to or greaterthan a fourth reference value 20 
X4 (judgment value). Note that the fourth reference 
value X4 is stored in the ROM 22 in advance, and is a 
value which is determined in advance through a test or 
any other suitable method in order to judge an open 
failure. When the CPU 21 judges in SI 20 that the output 25 
voltage ^spig ^qual to or greater than the fourth 
reference value M, the CPU 21 determines that the 
transistor Q2 suffers an open failure and proceeds to 
S40. When the CPU 21 judges that the output voltage 
VgpiQ is less than the fourth reference value M, the CPU 3o 
21 determines that the transistor Q2 does not suffer an 
open failure and proceeds to S20. 
[0338] In the present embodiment as well, the control- 
ler 20 serves as the respective means described in re- 
lation to the second embodiment and further serves as 35 
status parameter detection means and judgment 
means. 

[0339] Accordingly, the twentieth embodiment 
achieves the following effects. 

40 

(1) In the present embodiment, the controller 20 
serves as status parameter detection means for de- 
tecting the output voltage Vbpiq of the step-up cir- 
cuit 100 (status parameter), and as Judgment 
means for comparing the output voltage V^piG with 45 
the fourth reference value X4, serving as a judgment 
value, to thereby judge whether or not the step-up 
circuit 100 is normal. 

Further, the controller 20 serves as step-up cir- 
cuit control means in order to stop the step-up con- so 
trol for the step-up circuit 100 on the basis of the 
result of the judgment. 

As a result, when the step-up circuit 1 00 suffers 
a failure, the step-up control for the step-up circuit 
1 00 can be stopped. ss 

(2) The same effects as those of the sixteenth em- 
bodiment mentioned in sections (2) and (5) of the 
description for the sixteenth embodiment are 
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achieved. 

(3) In the present embodiment, when the step-up 
circuit 100 is not normal (in particular, when the 
drain voltage of the transistor Q2 (output voltage 
Vqpig) has been judged to be equal to or greater 
than the fourth reference value A4), the controller 
20 determines that the transistor Q2 suffers an open 
failure. 

In this case, the controller 20 operates in the 
same manner as in the case of the seventeenth em- 
bodiment in order to stop the supply of electrical 
power to the step-up circuit 1 00 and the windings 
of the motor 6. 

As a result, when the step-up circuit 1 00 suffers 
a failure, the operation mode of the motor-driven 
power steering apparatus is switched to a manual 
steering mode, so that no regenerative current 
flows into the step-up circuit 1 00 even when the mo- 
tor 6 enters a regeneration state. Therefore, break- 
age of circuit elements, such as the capacitor C2, 
of the step-up circuit 100, and breakage of circuit 
elements of the motor drive unit 35 can be prevent- 
ed. 

(4) In the present embodiment, the controller 20 
(status parameter detection means) detects the 
drain voltage of the transistor Q2 (second switching 
element) (output voltage Vbpiq) a status param- 
eter; and the controller 20 (judgment means) judges 
that the step-up circuit 1 00 is in an anomalous state 
when the drain voltage (output voltage) Vqpiq is 
equal to or greater than the fourth reference value 
X4 (judgment value). 

[0340] As a result, the transistor Q2 can be judged to 
suffer an open failure. 

21 . Twenty-first Embodiment 

[0341] The twenty-first embodiment will be described 
with reference to FIG. 34. 

[0342] The present embodiment employs the same 
hardware configuration as that of the seventeenth em- 
bodiment. However, as shown in FIG. 34, the routine of 
the present embodiment for step-up control for the step- 
up circuit 1 00 and assist control differs from that of the 
eighteenth embodiment in that, in placeof the judgment 
in S10 of the routine of the eighteenth embodiment, a 
judgment in SI 30 is performed. The remaining steps are 
the same as those of the eighteenth embodiment. 
[0343] In SI 30, in order to judge whether the transis- 
tor Q2 suffers a ground fault in which the drain of the 
transistor Q2 (i.e., the output terminal) is faultily ground- 
ed by means of a circuit that constitutes the motor drive 
unit 35, the CPU 21 of the controller 20 judges whether 
the detected output voltage Vqpiq is equal to or less than 
a fifth reference value A5 (judgment value). Note that 
the fifth reference value 7J5 is stored in the ROM 22 in 
advance, and is a value which is close to the ground 
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potential and is determined in advance through a test or 
any other suitable method in order to judge a ground 
fault. 

[0344] When the CPU 21 judges in S1 30 that the out- 
put voltage V^piQ is equal to or less than the fifth refer- 
ence value A5, the CPU 21 determines that the transis- 
tor Q2 suffers a ground fault and proceeds to S40. When 
the CPU 21 judges that the output voltage Vqpiq is great- 
er than the fifth reference value the CPU 21 deter- 
mines that the transistor Q2 does not suffer a ground 
fault and proceeds to S20. 

[0345] In the present embodiment as well, the control- 
ler 20 serves as the respective means described in re- 
lation to the second embodiment and further serves as 
status parameter detection means and judgment 
means. 

[0346] Accordingly, the twenty-first embodiment 
achieves the following effects. 

(1) In the present embodiment, the controller 20 
serves as status parameter detection means for de- 
tecting the output voltage Vqpjq of the step-up cir- 
cuit 100 (status parameter), and as judgment 
means for comparing the output voltage N/gpiQ with 
the fifth reference value A5, serving as a judgment 
value, to thereby judge whether or not the step-up 
circuit 100 is normal. 

Further, the controller 20 serves as step-up cir- 
cuit control means in order to stop the step-up con- 
trol for the step-up circuit 1 00 on the basis of the 
result of the judgment. 

As a result, when the step-up circuit 1 00 suffers 
a failure, the step-up control for the step-up circuit 
100 can be stopped. 

(2) The same effects as those of the sixteenth em- 
bodiment mentioned in sections (2) and (5) of the 
description for the sixteenth embodiment are 
achieved. 

(3) In the present embodiment, when the step-up 
circuit 100 is not normal (in particular, when the 
drain voltage of the transistor Q2 (output voltage 
Vqpiq) has been judged to be equal to or less than 
the fifth reference value X5), the controller 20 
determines that the transistor Q2 suffers a ground 
fault. 

In this case, the controller 20 operates in the 
same manneras in the case of the seventeenth em- 
bodiment in order to stop the supply of electrical 
power to the step-up circuit 100 and the windings 
of the motor 6. 

As a result, when the step-up circuit 1 00 suffers 
a failure, the operation mode of the motor-driven 
power steering apparatus is switched to a manual 
steering mode, so that no regenerative current 
flows into the step-up circuit 1 00 even when the mo- 
tor 6 enters a regeneration state. Therefore, brealc- 
age of circuit elements, such as the capacitor C2, 
of the step-up circuit 1 00, and breakage of circuit 



elements of the motor drive unit 35 can be prevent- 
ed. 

(4) In the present embodiment, the controller 20 
(status parameter detection means) detects the 

5 drain voltage of the transistor Q2 (second switching 

element) (output voltage Vbpiq) as a status param- 
eter; and the controller 20 judgment means) judges 
that the step-up circuit 1 00 is in an anomalous state 
when the drain voltage (output voltage) V^piq is 

10 equal to or less than the fifth reference value X5 
(judgment value). 

[0347] As a result, the transistor Q2 can be judged to 
suffer a ground fault. 

IS 

22-1 . Twenty-second Embodiment 

[0348] The twenty-second embodiment will be de- 
scribed with reference to FIGS. 35 and 36. 

20 [0349] The present embodiment employs the hard- 
ware configuration of the seventeenth embodiment; 
however, as shown in FIG. 35, a current detector 1 80 is 
provided between the source of the transistor Q1 and 
the ground. The current detector 180 detects current I 

25 flowing through the transistor Q1 and supplies a detec- 
tion signal indicative of the detected current to a current 
input port of the controller 20. Note that although in the 
figure the current detector 1 80 is provided on the source 
side of the transistor Q 1 , it may be provided on the drain 

30 side of the transistor Q1 , 

[0350] FIG. 36 shows a routine that the CPU 21 of the 
controller 20 executes In order to perfomri assist control 
and step-up control for the step-up circuit 100. 
[0351] After initiation of this control routine, in S200, 

35 the CPU 21 detects the current I flowing through the 
transistor Q1 during a power generation period, on the 
basis of the detection signal output from the current de- 
tector 180. In S210, the CPU 21 compares the current 
I with a first current reference value K1 , which serves as 

40 a judgment value. The first current reference value K1 , 
which is stored In the ROM 22 in advance. Is a value 
which is previously detennined through a test or any oth- 
er suitable method and is used to judge whether the 
transistor Q1 suffers a short failure. When the transistor 

45 Q1 has suffered a short failure, a larger current flows 
therethrough as compared with the case in which the 
transistor Q1 has not suffered a short failure. Therefore, 
a Judgment as to whether such a larger current has 
flowed is made on the basis of the first current reference 

50 value K1 . 

[0352] When the CPU 21 judges that the current I is 
equal to or greater than the first current reference value 
K1, the CPU 21 determines that the transistor Q1 has 
suffered a short failure. In such as case, the CPU 21 

55 increments a time-count counter Time 2 in S220. in 
S230, the CPU 21 judges whether a second predeter- 
mined time T2 has elapsed, on the basis of the time- 
count counter Time 2. 
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[0353] When the short failure has not continued for 
the second predetemnined time T2, the CPU 21 judges 
that the step-up circuit 100 is normal, and returns to 
S200. The judgment in S230 as to elapsed time is per- 
formed in order to exclude the case in which a short fail- 
ure having once occurred has been resolved naturally 
within the predetermined time. 

[0354] When the CPU 21 judges that the second pre- 
detemilned time T2 has elapsed, the CPU determines 
that the step-up circuit 100 is anomalous. In this case, 
in step 240, the CPU 21 outputs a warning signal (noti- 
fication signal) to an illustrated warning lamp provided 
on an Instrument panel or the like. In subsequent step 
S250, the CPU 21 outputs an off control signal to the 
phase open relays 21 0 and 220 to thereby open the re- 
lays 21 0 and 220, and stops output of the duty-ratio drive 
signals to the transistors Q1 and Q2. At the same time, 
the controller 20 turns the power relay 200 off. As a re- 
sult, the supply of electrical power to the step-up circuit 
1 00 and the motors is stopped, whereby the motor-driv- 
en power steering apparatus is switched to a manual 
steering mode. After the above-described processing, 
the present control routine is ended. 
[0355] When it is judged in S210 that the cun-ent I is 
less than the first current reference value K1 , the CPU 
21 detemnines that the transistor Q1 has not suffered a 
short failure and proceeds to S260. In S260, the CPU 
21 judges whether the current I is equal to or greater 
than a second current reference value K2, which Is 
smaller than the first current reference value K1 . The 
second current reference value K2, which is also stored 
in the ROiS^ 22 in advance, is a value which Is previously 
determined through a test or any other suitable method 
and is used to judge whether the transistor Q2 suffers a 
short failure. 

[0356] In the case in which the transistor Q1 operates 
normally during power generation periods with the tran- 
sistor Q2 suffering a short failure, short current flows 
through the transistor Q2 immediately after the transis- 
torQI Is turned on. When the transistor Q1 Is turned off» 
the short current flowing through the transistor Q2 Is 
shut off. When the transistor Q2 suffers a short failure, 
a smaller current (on current) flows through the transis- 
tor Q1 as compared with the case in which the transistor 
Q1 suffers a short failure. Therefore, the current refer- 
ence value K2 is set to a value which is smaller than 
current which will flow in the case of a short failure of 
the transistor Q1 and which enables detemnination of 
current that flows due to a short failure of the transistor 
Q2. 

[0357] When the CPU 21 judges in S260 that the cur- 
rent I is equal to or greater than the second current ref- 
erence value K2, the CPU 21 determines that the tran- 
sistor Q2 has suffered a short failure. In such as case, 
the CPU 21 increments a time-count counter Time 3 in 
S270. In S280. the CPU 21 judges whether a third pre- 
determined time T3 has elapsed, on the basis of the 
time-count counter Time 3. 



[0358] In the case in which the short failure has not 
continued for the third predetermined time T3, the CPU 
21 judges that the step-up circuit 100 is nomnal, and re- 
turns to S200. The judgment in S280 as to elapsed time 

5 is performed in order to exclude the case in which a short 
failure having once occurred has been resolved natural- 
ly within the predetemnined time. 
[0359] When the CPU 21 judges that the third prede- 
termined time T3 has elapsed, the CPU determines that 

10 the step-up circuit 1 00 is anomalous. In this case, in step 
290, the CPU 21 outputs a warning signal (notification 
signal) to the warning lamp, as in the case of S240. In 
subsequent step S300, the CPU 21 performs the same 
processing as in S250 in order to switch the motor-driv- 

is en power steering apparatus to a manual steering 
mode. After the above-described processing, the 
present control routine is ended. 
[0360] When the CPU 21 Judges in S260 that the cur- 
rent I is less than the second current reference value 

20 K2, both the transistors Q1 and Q2 are free from a short 
failure and are nomnal. In this case, the CPU 21 resets 
the time-count counters Time 2 and Time 3 to zero in 
S31 0, performs ordinary step-up control and assist con- 
trol in S320, and then returns to S200. 

25 [0361] In the present embodiment as well, the control- 
ler 20 serves as the respective means described in re- 
lation to the second embodiment and further serves as 
judgment means. Further, the controller 20 and the cur- 
rent detector 180 constitute status parameter detection 

30 means. 

[0362] Accordingly, the twenty-second embodiment 
achieves the following effects. 

(1) In the present embodiment, the controller 20 and 
35 the current detector 180 constitute status parame- 
ter detection means for detecting the current I flow- 
ing through the transistor Q1 , which is a status pa- 
rameter of the step-up circuit 100; and the controller 
20 serves as judgment means for comparing the 

40 current I with the first and second current reference 
values K1 and'K2 (judgment values) so as to judge 
whether or not the step-up circuit 100 is normal 
(S210and S260). 

Further, the controller 20 serves as step-up cir- 

45 cult control means in order to stop the step-up con- 
trol for the step-up circuit 100 on the basis of the 
result of the judgment (S250 and S300). 

As a result, when the step-up circuit 1 00 suffers 
a failure, the step-up control for the step-up circuit 

50 1 00 can be stopped. 

(2) The same effect as that of the sixteenth embod- 
iment mentioned in section (2) of the description for 
the sixteenth embodiment is achieved (see S240 
and S290). 

55 (3) In the present embodiment, when the step-up 
circuit 1 00 is not nomnal (in particular, when the cur- 
rent I flowing through the transistor Q1 is equal to 
or greater than the first current reference value K1 ) , 
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the controller 20 determines that the transistor Q1 
suffers a short failure (see S210). In this case, the 
controller 20 operates in the sanne manner as in the 
case of the seventeenth embodiment, in order to 
stop the supply of electrical power to the step-up 5 
circuit ICQ and the windings of the motor 6. 

As a result, for the same reasons described in 
relation to the effect mentioned in section (3) of the 
description for the nineteenth embodiment the 
same effect as that of the nineteen embodiment io 
mentioned In section (3) of the description for the 
nineteenth embodiment is achieved. 

(4) In the present embodiment, when the current I 
flowing through the transistor Q1 is less than the 
first current reference value K1 (a judgment value) ^5 
and is equal to or greater than the second current 
reference value K2 (another judgment value), the 
controller 20 determines that the transistor Q2 suf- 
fers a short failure (see S260) . I n this case, the con- 
troller 20 operates in the same manner as in the 20 
case of the seventeenth embodiment, in order to 
stop the supply of electrical power to the step-up 
circuit 100 and the windings of the motor 6. 

As a result, as described in the above section 
(3), the same effect as that of the nineteenth em- 25 
bodiment mentioned in section (3) of the description 
for the nineteenth embodiment is achieved. 

(5) In the twenty-second embodiment, after elapse 
of the second predetemriined time T2 is detected In 
S230, the supply of electrical power to the step-up 30 
circuit 1 00 and the motor 6 is stopped. 

As result, the case in which a short failure of 
the transistor Q1 Is resoived within the second pre- 
determined timeT2 and the case of erroneous judg- 
ment can be excluded, so that subsequent step-up 35 
control and assist control can be performed proper- 
ly- 

(6) In the twenty-second embodiment, after elapse 
of the third predetermined time T3 is detected in 
S270, the supply of electrical power to the step-up 
circuit 100 and the motor 6 is stopped. 

As result, the case in which a short failure of 
the transistor Q2 is resolved within the third prede- 
termined time T3 and the case of erroneous judg- 
ment can be excluded, so that subsequent step-up 45 
control and assist control can be perfonmed proper- 
ly. 

(7) In the twenty-second embodiment, the controller 
20 and the current detector 1 80 (status parameter 
detection means) detect the current I flowing so 
through the transistor Q1 (first switching element) 

as a status parameter; and the controller 20 (judg- 
ment means) judges that the step-up circuit 1 00 suf- 
fers a failure by comparing the current I with the first 
and second current reference values K1 and K2 55 
(judgment values). As a result, anomalous states of 
the transistors Q1 and Q2 can be judged. 



22- 2. Modification of Twenty-second Embodiment 

[0363] Next, a modification of the twenty-second em- 
bodiment will be described with reference to FIG, 37. 
[0364] This modification differs from the twenty-sec- 
ond embodiment in that the routine which the CPU 21 
of the controller 20 perfomrisfor assist control and step- 
up control for the step-up circuit 100 has been modified 
as shown in FIG. 37. 

[0365] As shown in FIG. 37, the routine of the present 
modification differs from the previously described con- 
trol routine (see FIG. 36) in that, instead of the process- 
ing In S300, processing in S330 and S340 is performed. 
[0366] In S330, the CPU 21 maintains the transistor 
Q1 off continuously, and maintains the transistor Q2 on 
continuously. This processing turns the transistor Q1 off 
and the transistor Q2 on from the controller side, even 
though the transistor Q2 suffers a short failure In actu- 
ality. 

[0367] As result, even when the step-up control for the 
step-up circuit 1 00 is stopped, assist control at the bat- 
tery voltage (12 V, in the present embodiment) is possi- 
ble. Therefore, assist control at the battery voltage is 
performed. Therefore, during regeneration periods, re- 
generative current can flow to the battery B via the tran- 
sistor Q2. 

[0368] In the present modification, the same effects 
as those of the twenty-second embodiment mentioned 
in sections (1 ) to (3) and (5) to (7) of the description for 
the twenty-second embodiment are achieved. In addi- 
tion, when the transistor Q2 suffers a short failure, assist 
control at battery voltage can be performed. 

Twenty-third to Thirtieth Embodiments 

[0369] The above-described sixteenth to twenty-sec- 
ond embodiments are directed to embodiments of con- 
trol to be performed when the step-up circuit 100 itself 
breaks while the above-described step-up control is be- 
ing perfomried. By contrast, twenty-third to thirtieth em- 
bodiments are directed to embodiments of control to be 
performed when an ignition switch of the vehicle is 
turned on in order to perfonn initial check and determine 
whetherthe step-up circuit 1 00 is in an anomalous state. 
[0370] In order to simplify the description, the twenty- 
third to thirtieth embodiments will be described on the 
assumption that "step-up control" in S520, which will be 
described later, is the step-up control having been de- 
scribed in relation to the second embodiment. IHowever, 
the present invention is not limited thereto. The twenty- 
third to thirtieth embodiments can be realized even 
when any of the step-up controls of the first through fif- 
teenth embodiments is employed. 

23- 1 . Twenty-third Embodiment 

[0371 ] The twenty-third embodiment will be described 
with reference to FIGS. 38 to 40. 
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[0372] Although not mentioned in the first to twenty- 
second embodiments, an ignition switch IGS is provided 
on the vehicle. In the twenty-third embodiment as well, 
an ignition switch IGS Is provided as shown in FIG. 38, 
and when the ignition switch IGS is turned on, electrical 
power is supplied to the controller 20. 
[0373] The twenty-third embodiment differs from the 
nineteenth embodiment In that, as shown in FIG. 39, the 
following configuration Is added to the configuration of 
the nineteenth embodiment (see FIG. 31). Note that 
FIG. 39 Is a circuit diagram of the step-up circuit 100. 
[0374] When the ignition switch IGS is turned on, an 
ignition voltage V,g is applied to an ignition circuit ^. In 
the present embodiment, the ignition voltage V|g is the 
same as the battery voltage. A resistor R1 is connected 
between a connection point P4 of the ignition circuit 0 
and a connection point P5 between the application point 
PI and the coil L. The resistor R1 has a high resistance 
so that only a small amount of current flows between the 
connection points P4 and P5. The resistor R1 forms a 
pull-up circuit. 

[0375] In the present embodiment, when the ignition 
switch IGS is turned on, the controller 20 executes a 
control program shown in FIG. 40, which includes an 
initial check routine. This control program Is stored in 
the ROM 22 in advance. Note that before the ignition 
switch IGS is turned on, each of the power relay 200 
and the phase open relays 21 0 and 220 is in an off state. 
[0376] When the ignition switch IGS Is turned on, in 
S400, the CPU 21 checks the ROM 22 and the RAM 23. 
Meanwhile, when the ignition switch IGS is turned on, 
the Ignition voltage V|q equal to the battery voltage is 
applied to the ignition circuit (j). As a result, even when 
the power relay 200 is not in an on state, the drain volt- 
age VpiQ2 of the step-up circuit 100 is pulled up to the 
battery voltage. 

[0377] In S41 0, the CPU 21 initially sets various reg- 
isters, such as special function registers, and an unillus- 
trated interface circuit of the controller 20. In S420, the 
controller 20 outputs a continuous on signal to the tran- 
sistor Q1 , and in step 430, the controller 20 detects 
(reads) the drain voltage Vp,Q2 of the transistor 01 . 
[0378] In S440, the controller 20 judges whether the 
drain voltage VpiG2 of the transistor Q1 is equal to or 
greater than a sixth reference value X.6 (> 0). The sixth 
reference value X6, which is stored in the ROM 22 in 
advance, is a value which is previously determined 
through a test or any other suitable method and is used 
to judge whether the transistor Q1 suffers an open fail- 
ure. 

[0379] That is, when the transistor Q1 does not suffer 
an open failure, upon application of the above-described 
continuous on signal, the transistor Q1 enters an on 
state, so that the drain voltage VpiG2 of transistor Q1 
decreases. Since the decreased drain voltage VpiQ2 is 
less than the sixth reference value X6, the transistor Q1 
is judged not to suffer an open failure. 
[0380] Meanwhile, when the transistor Q1 suffers an 



open failure, the transistor Q1 does not enter an on 
state, despite application of the above-described con- 
tinuous on signal, so that the drain voltage VpiG2 of the 
transistor Q1 does not drop. Therefore, when the drain 
5 voltage VpiQg equal to or greater than the sixth refer- 
ence value A.6, the transistor Q1 is judged to suffer an 
open failure. 

[0381] When the CPU 21 judges in S440 that the tran- 
sistor Q1 does not suffer an open failure, the CPU 21 
10 proceeds to S510. In 8510, the CPU 21 turns the power 
relay 200 and the phase open relays 210 and 220 on. 
In subsequent step S520, the CPU 21 performs step-up 
control and assist control. 

[0382] Meanwhile, when the CPU 21 judges in S440 

IS that the transistor Q1 suffers an open failure, the CPU 
21 proceeds to S450, and increments a time-count 
counter Time 4. In subsequent step S460, the CPU 21 
Judges whether a fourth predetermined time T4 has 
elapsed, on the basis of the time-count counter Time 4. 

20 [0383] In the case in which the open failure has not 
continued for the fourth predetennined time T4, the CPU 
21 judges that the step-up circuit 100 is normal, and re- 
turns to S430. The judgment In S460 as to elapsed time 
is performed In order to exclude the case in which an 

25 open failure having once occurred has been resolved 
naturally within the predetennined time. 
[0384] When the CPU 21 judges In S460 that the 
fourth predetermined time T4 has elapsed, the CPU de- 
termines that the step-up circuit 100 is anomalous. In 

30 this case, in step 470, the CPU 21 outputs a warning 
signal (notification signal) to an illustrated warning lamp 
provided on an Instrument panel or the like to thereby 
turning the waning lamp on. 

[0385] In subsequent step S480, the CPU 21 main- 

35 tains the transistor Q1 off continuously, and maintains 
the transistor Q2 on continuously. 
[0386] This processing turns the transistor Q1 offfrom 
the controller side, even though the trans istorQI suffers 
an open failure in actuality. The purpose of turning the 

40 transistor Q2 on in S480 is to enable regenerative cur- 
rent to flow to the battery B during regeneration periods. 
[0387] In S490, the CPU 21 turns the power relay 200 
and the phase open relays 210 and 220 on. In subse- 
quent step S500, the CPU 21 performs step-up control 

45 and assist control as in S520. 

[0388] Specifically, even when the step-up control for 
the step-up circuit 100 is stopped, assist control at the 
battery voltage is possible. Therefore, assist control at 
the battery voltage is performed. Accordingly, during re- 

50 generation periods, regenerative current can flow to the 
battery B via the transistor Q2. 

[0389] In the present embodiment, the controller 20 
serves as the respective means described in relation to 
the second embodiment and furtherserves as status pa- 
55 rameter detection means, first failure judgment means, 
and first element control means. Further, the sixth ref- 
erence value X6 serves as a first failure judgment value. 
The resistor R1 serves as a first resistor. 
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[0390] The power relay 200 serves as first open -close 
means; and the phase open relays 210 and 220 serve 
as second open-close nneans. 

[0391] The twenty -third embodiment achieves the fol- 
lowing effects in addition to the effects of the second 
embodiment. 

(1 ) The twenty-third embodiment includes the pow- 
er relay 200 (first open-close means), which is con- 
nected to the application point P1 (battery-voltage 
supply section) of the step-up circuit 100 and is 
turned on and off by means of the controller 20 
(step-up circuit control means). Further, the twenty- 
third embodiment includes a pull-up circuit which in- 
cludes the resistor R1 (first resistor) connected to 
the connection point P5 between the application 
point PI and the drain of the transistor Q1 (first 
switching element) and which receives the ignition 
voltage V,q when the ignition switch IGS is turned 
on. 

When the ignition switch IGS is turned on, the 
controller 20 serves as first element control means 
so as to turn the transistor Q1 on before tuming the 
power relay 200 on. Further, the controller 20 
serves as drain voltage detection means for detect- 
ing the drain voltage VpiG2 of the transistor Q1 (first 
switching element) and as first failure judgment 
means for comparing the drain voltage Vp|Q2 with 
the sixth reference value A,6 (first failure judgment 
value) so as to judge whether or not the step-up cir- 
cuit 100 is normal. 

As a result, the Judgment as to whether or not 
the step-up circuit 100 is normal can be performed 
at the stage of initial check after the ignition switch 
IGS is turned on. 

(2) The twenty-third embodiment includes the 
phase open relays 21 0 and 220 (second open-close 
means) for on-off control of supply of electrical pow- 
er to the motor 6. 

When the controller 20, serving as the first fail- 
ure judgment means, Judges that the step-up circuit 
1 00 suffers a failure, the controller 20 serves as the 
step-up circuit control means and turns the power 
relay 200 and the phase open relay 210 and 220 on 
(see S490). Moreover, the controller 20 maintains 
the transistor Q1 (first switching element) off con- 
tinuously, and maintains the transistor Q2 (second 
switching element) on continuously (see 8480). 

As a result, although assist control cannot be 
perfomned by use of boosted voltage obtained 
through step-up control for the step-up circuit 100, 
assist control can be performed at the battery volt- 
age, and during regeneration periods, regenerative 
current can be absorised by the battery B. 

(3) In the present embodiment, when the step-up 
circuit 100 is not nomnal, this is reported by means 
of a warning lamp (reporting means) (see 8470). As 
a result, the failure of the step-up circuit 1 00 can be 



reported to a driver of the vehicle. 
(4) tn the twenty-third embodiment, the controller 20 
performs the processing in 8470 and 8480 only 
when the controller 20 judges in s450 that the fourth 
5 predetermined time T4 has elapsed. This operation 

can exclude the case in which an open failure of the 
transistor Q1 is resolved within the fourth predeter- 
mined time T4. 

10 23-2. Modification of Twenty-third Embodiment 

[0392] Next, a modification of the twenty-third embod- 
iment will be described with reference to FIG. 41 . 
[0393] FIG. 41 is a flowchart showing control process- 
is ing performed by the CPU 21 In the present modifica- 
tion. 

[0394] The present modification is identical to the 
twenty-third embodiment in temns of hardware configu- 
ration, but differs from the twenty-third embodiment In 
20 terms of control routine. 

[0395] That is. among the steps of the flowchart 
shown in FIG. 40, 8480 to 8500 are omitted. After com- 
pletion of the processing in 8470, the CPU 21 ends the 
control routine. 

25 [0396] As a result, when the transistor Q1 suffers an 
open failure, the power relay 200 and the phase open 
relays 210 and 220 are not turned on, but are maintained 
off. 

[0397] This modification achieves the following effect 
30 In addition to the effects of the twenty-third embodiment 
mentioned in sections (1), (3), and (4) of the description 
for the twenty-third embodiment. 

(1) In the present modification, when the transistor 
35 Ql is judged to have suffered an open failure, the 
power relay 200 and the phase open relays 21 0 and 
220 are not turned on, but are maintained off. 

[0398] Therefore, when the transistor Ql suffers an 
40 open failure; I.e., when the step-up circuit 1 00 suffers a 
failure, the failsafe mechanism operates. 

24. Twenty-fourth Embodiment 

45 [0399] The present modification is identical to the 
twenty-third embodiment in terms of hardware configu- 
ration, and is similar to the modification of the twenty- 
third embodiment in terms of control routine shown in 
FIG. 41 ; however, a portion of the control routine has 

50 been modified. 

[0400] That is, as shown in FIG. 42, in place of the 
processing of S420, processing in S420A is performed; 
and in place of the processing of 8440, processing in 
S440A is performed. 

55 [0401] ln8420A,theCPU21 outputs a continuous off 
signal to the transistor Ql . 

[0402] In 8440A, the CPU 21 Judges whether the 
drain voltage VpiQg of the transistor Ql detected In 8430 



34 



67 



EP 1 293 413 A2 



68 



is equal to or less than a seventh reference value X7 (> 
0). The seventh reference value X7, which is stored in 
the ROM 22 in advance, is a value which is previously 

detemnined through a test or any other suitable method 
and is used to judge whether the transistor Q1 suffers a 
short failure. 

[0403] That is, when the transistor Q1 does not suffer 
a short failure, upon application of the above-described 
continuous off signal, the transistor Q1 enters an off 
state, so that the drain voltage Vp|Q2 of the transistor Q1 
is pulled up to the battery voltage. 
[0404] Since the increased drain voltage Vp,Q2 is 
greater than the seventh reference value X7, the tran- 
sistor Q1 is judged not to suffer a short failure. 
[0405] Meanwhile, when the transistor Q1 suffers a 
short failure, the transistor Q1 does not enter an off state 
despite application of the above-described continuous 
off signal, so that the drain voltage VpiQ2 of the transistor 
Q1 decreases to the ground potential. Therefore, when 
the drain voltage VpiQ2 is equal to or less than the sev- 
enth reference value X7, the transistor Q1 is judged to 
suffer a short failure. 

[0406] The twenty-fourth embodiment achieves the 
following effects In addition to the effects of the second 
embodiment and the effect of the twenty-third embodi- 
ment mentioned In section (3) of the description for the 
twenty-third embodiment. 

(1) The twenty-fourth embodiment includes the 
power relay 200 (first open-ciose means), which is 
connected to the application point P1 (battery-volt- 
age supply section) of the step-up circuit 1 00 and 
is turned on and off by means of the controller 20 
(step-up circuit control means). Further, the twenty- 
fourth embodiment includes a pull-up circuit which 
includes the resistor R1 (first resistor) connected to 
the connection point P5 between the application 
point P1 and the drain of the transistor Q1 (first 
switching element) and which receives the ignition 
voltage V|q when the Ignition switch IGS Is turned 
on. 

When the Ignition switch IGS is turned on, the 
controller 20 serves as first element control means 
so as to turn the transistor Q1 off before turning the 
power relay 200 on. Further, the controller 20 
serves as drain voltage detection means for detect- 
ing the drain voltage Vp|Q2 of the transistor Q1 (first 
switching element) and as first failure Judgment 
means for comparing the drain voltage VpiQ2 with 
the seventh reference value X7 (first failure judg- 
ment value) so as to judge whether or not the step- 
up circuit 100 is normal. 

As a result, the judgment as to whether or not 
the step-up circuit 1 00 is normal can be perfomned 
at the stage of initial check after the ignition switch 
IGS is turned on. 

(2) In the twenty-fourth embodiment, the warning 
(amp (reporting means) is driven only when the con- 



troller 20 judges In S460 that the fourth predeter- 
mined time T4 has elapsed. This operation can ex- 
clude the case In which a short failure of the tran- 
sistor Q1 is resolved within the fourth predeter- 
5 mined time T4. 

(3) In the present modification, when the transistor 
Q1 is judged to have suffered a short failure, the 
power relay 200 and the phase open relays 21 0 and 
220 are not turned on, but are maintained off. 

10 

[0407] Therefore, when the transistor Q1 suffers a 
short failure; i.e., when the step-up circuit 100 suffers a 
failure, the failsafe mechanism operates. 



[0408] FIG. 43 is a flowchart showing control process- 
ing perfomned by the CPU 21 In the present embodi- 
ment. 

20 [0409] The present embodiment is identical to the 
twenty-third embodiment in temns of hardware configu- 
ration, and is similar to the modification of the twenty- 
third embodiment in terms of control routine shown in 
FIG. 41; however, a portion of the control routine has 

25 been modified. 

[0410] That is, in place of the processing of S420, 
processing In S420B Is performed; in place of the 
processing of S430, processing in S430A is performed; 
and in place of the processing of S440, processing in 

30 S440B is perfomned. 

[0411] lnS420B, theCPU21 outputs a continuous off 
signal to the transistor Q1 , and outputs a continuous on 
signal to the transistor Q2. 

[0412] lnS430A.theCPU21 detects the drain voltage 
35 V of the transistor Q2 (output voltage Vbp,g). 

[0413] In S440B. the CPU 21 judges whether the 
drain voltage of the transistor Q2; i.e., the output voltage 
Vbpig detected in S430A, is equal to or less than an 
eighth reference value X8 (> 0). The eighth reference 
40 value X8, which Is stored In the ROM 22 in advance, is 
a value which Is previously detemnined through a test or 
any other suitable method and is used to judge whether 
the transistor Q2 suffers an open failure. 
[0414] In the state in which the transistor Q1 is main- 
45 tained off continuously, the drain voltage VpiQ^ of the 
transistor Q1 is pulled up to the battery voltage by 
means of the pull-up circuit. In this state, when the tran- 
sistor Q2 does not suffer an open failure, upon applica- 
tion of the above-described continuous on signal there- 
to to, the drain voltage of the transistor Q2 (i.e., the output 
voltage Vqpiq) increases to the battery voltage. Since 
the increased drain voltage VgpiQ is greater than the 
eighth reference value X8, the transistor Q2 is judged 
not to suffer an open failure. 
55 [0415] Meanwhile, when the transistor Q2 suffers an 
open failure, the transistor Q2 does not enter an on state 
despite application of the above-described continuous 
on signal, so that the drain voltage of the transistor Q2 



^5 25. Twenty-fifth Embodiment 



35 



69 



EP 1 293 413 A2 



70 



(output voltage Vbpig) does not increase to the battery 
voltage. Therefore, when the drain voltage of the tran- 
sistor Q2 (output voltage Vqpiq) is equal to or less than 
the eighth reference value X8, the transistor Q2 is 
judged to suffer an open failure. 

[0416] The twenty-fifth embodlnnent achieves the fol- 
lowing effects in addition to the effects of the second 
embodiment and the effects of the twenty-third embod- 
iment mentioned in sections (3) and (4) of the descrip- 
tion for the twenty-third embodiment. 

(1 ) The twenty-fifth embodiment includes the power 
relay 200 (first open-close means), which is con- 
nected to the application point Pi (battery-voltage 
supply section) of the step-up circuit 100 and is 
turned on and off by means of the controller 20 
(step-up circuit control means). Further, the twenty- 
fifth embodiment Includes a pull-up circuit which In- 
cludes the resistor R1 (first resistor) connected to 
the connection point P5 between the application 
point P1 and the drain of the transistor Q1 (first 
switching element) and which receives the ignition 
voltage Viq when the ignition switch IGS is turned 
on. 

When the ignition switch IGS is turned on, the 
controller 20 serves as first element control means 
so as to tum the transistor Q1 off and turn the tran- 
sistor Q2 on before turning the power relay 200 on. 

Further, the controller 20 serves as drain volt- 
age detection means for detecting the drain voltage 
of the transistor Q2 (second switching element) 
(output voltage V^piq) and as first failure Judgment 
means for comparing the drain voltage (output volt- 
age) Vbpig with the eighth reference value X8 (first 
failure judgment value) so as to judge whether or 
not the step-up circuit 100 is normal. 

As a result, the judgment as to whether or not 
the step-up circuit 100 is normal can be perfomied 
at the stage of initial check after the ignition switch 
IGS is turned on. 

(2) in the present modification, when the transistor 
Q2 is judged to have suffered an open failure, the 
power relay 200 and the phase open relays 21 0 and 
220 are not turned on, but are maintained off. There- 
fore, when the transistor Q2 suffers an open failure; 
I.e., when the step-up circuit 100 suffers a failure, 
the failsafe mechanism operates. 

26. Twenty-sixth Embodiment 

[0417] The twenty-sixth embodiment will be de- 
scribed with reference to FIGS. 44 and 45. 
[0418] The present embodiment is similarto the twen- 
ty-third embodiment; however, the present embodiment 
has a partially modified configuration and performs par- 
tially modified control. 

[0419] Specifically, as shown in FIG. 44, a resistor R2 
for forming a pull-up circuit is connected to a connection 



point P6 between the drain of the transistor Q2 and the 
voltage application point P2. The resistor R2 has a high 
resistance so that only a small amount of current flows 
between the connection points P4 and P6. 

5 [0420] The control routine of the present embodiment 
differs from the twenty-third embodiment in that, in place 
of the processing of S420, processing in S420B is per- 
formed; and in place of the processing of S440, process- 
ing in S440A Is performed. 

10 [0421] in S420B, the CPU 21 outputs a continuous off 
signal to the transistor Q1 , and outputs a continuous on 
signal to the transistor Q2. 

[0422] In S440A, the CPU 21 judges whether the 
drain voltage VpiG2 of the transistor Qt detected in 8430 
IS Is equal to or less than a seventh reference value X7 (> 
0). 

[0423] In the case in which both the transistors Q1 and 
Q2 are normal, with the transistor Q1 being maintained 
off continuously and the transistor Q2 being maintained 

20 on continuously, the drain voltage VpiQ2 of the transistor 
Q1 is pulled up to the battery voltage by means of the 
pull-up circuit. In other words, the drain voltage Vp|Q2 of 
the transistor Q1 increases to the battery voltage. Since 
the increased drain voltage Vp|Q2 Is greater than the 

25 seventh reference value X7, the transistor Q1 is judged 
not to suffer a short failure. 

[0424] Meanwhile, when the transistor Q1 suffers a 
short failure, the drain voltage Vp|Q2 of the transistor Q1 
does not increase to the battery voltage, but decreases 
30 to the ground potential. Therefore, when the drain volt- 
age Vp|Q2 is equal to or less than the seventh reference 
value X7, the transistor Q1 is judged to suffer a short 
failure. 

[0425] in the present embodiment, the controller 20 
35 serves as the respective means described in relation to 
the second embodiment and further serves as status pa- 
rameter detection means, second failure judgment 
means, and second element control means. Further, the 
seventh reference value X7 serves as a second failure 
40 judgment value. The resistor R2 serves as a second re- 
sistor. 

[0426] The power relay 200 serves as first open-close 
means; and the phase open relays 210 and 220 serve 
as second open-close means. 

45 [0427] The twenty-sixth embodiment achieves the fol- 
lowing effects in addition to the effects of the second 
embodiment, the effects of the twenty-third embodiment 
mentioned in sections (3) and (4) of the description for 
the twenty-third embodiment, and the effects of the 

50 twenty-fourth embodiment mentioned in sections (2) 
and (3) of the description for the twenty-fourth embodi- 
ment. 

(1 ) The twenty-sixth embodiment includes the pow- 
55 er relay 200 (first open -close means), which is con- 
nected to the application point P1 (battery-voltage 
supply section) of the step-up circuit 1 00 and is 
turned on and off by means of the controller 20 
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(step-up circuit control means). Further, the twenty- 
sixth embodiment includes a pull-up circuit which 
includes the resistor R2 (second resistor) connect- 
ed to the connection point P6 between the drain of 
the transistor Q2 (second switching element) and 
the voltage application point P2 and which receives 
the ignition voltage V|q when the ignition switch IGS 
is turned on. 

[0428] When the ignition switch IGS Is turned on, the 
controller 20 serves as second element control means 
so as to turn the transistor Q1 (first switching element) 
off and turn the transistor Q2 (second switching ele- 
ment) on before turning the power relay 200 on. Further, 
the controller 20 serves as drain voltage detection 
means for detecting the drain voltage VpiQ2 of the tran- 
sistor Q1 (first switching element) and as second failure 
judgment means for comparing the drain voltage Vpigg 
with the seventh reference value X7 (second failure 
judgment value) so as to judge whether or not the step- 
up circuit 100 is normal. 

[0429] As a result, the judgment as to whether or not 
the step-up circuit 100 is normal can be performed at 
the stage of Initial check after the Ignition switch IGS Is 
turned on. 

27-1. Twenty-seventh Embodiment 

[0430] The twenty-seventh embodiment will be de- 
scribed with reference to FIG. 46. 
[0431] The present embodiment has the same config- 
uration as that of the twenty-sixth embodiment, but per- 
forms partially modified control. 

[0432] That is, among the steps of the flowchart of the 
twenty-sixth embodiment shown in FIG. 45, the 
processing in S420B has been replaced with processing 
in S420C; and the processing in S440A has been re- 
placed with processing in S440C. 
[0433] In S420C, the CPU 21 outputs continuous off 
signals to the transistors Q1 and Q2 at the same time. 
[0434] In S440C, the CPU 21 judges whether the 
drain voltage Vp|Q2 of the transistor Q1 detected in S430 
is equal to or less than a ninth reference value X9 (> 0). 
The ninth reference value X.9, which is stored in the ROM 
22 in advance, is a value which is previously determined 
through a test or any other suitable method and is used 
to judge whether the transistor Q2 suffers a short failure. 
[0435] In the case In which both the transistors Q1 and 
Q2 are normal, with the transistors Q1 and Q2 being 
maintained off continuously, the drain voltage of the 
transistor Q2 (output voltage Vqpiq) is pulled up to the 
battery voltage by means of the pull-up circuit. 
[0436] In other words, the drain voltage of the transis- 
tor Q2 (output voltage Vqpiq) increases to the battery 
voltage. 

[0437] Further, at this time, since the transistor Q2 is 
maintained off, the drain voltage Vp,G2 of the transistor 
Q1 does not Increase. Since the drain voltage Vpi32 3t 



that time Is less than the ninth reference value A.9, the 
CPU 21 detemrilnes that the transistor Q2 does not suf- 
fer a short failure and proceeds to S510. 
[0438] Meanwhile, when the transistor Q2 suffers a 

5 short failure, the drain voltage Vp|Q2 the transistor Q1 
increases to the battery voltage. Therefore, when the 
drain voltage VpiG2 equal to or greater than the ninth 
reference value X.9, the CPU 21 determines that the 
transistor Q2 suffers a short failure. 

10 [0439] In the present embodiment, the controller 20 
serves as the respective means described in relation to 
the second embodiment and further serves as status pa- 
rameter detection means, second failure judgment 
means, and second element control means. Further, the 

15 ninth reference value X9 serves as a second failure judg- 
ment value. The resistor R2 serves as a second resistor. 
[0440] The power rel ay 200 serves as first open-close 
means; and the phase open relays 210 and 220 serve 
as second open-close means. 

20 [0441] The twenty-seventh embodiment achieves the 
following effects in addition to the effects of the second 
embodiment, and the effect of the twenty-third embodi- 
ment mentioned in section (3) of the description for the 
twenty-third embodiment. 

25 

(1) The twenty-seventh embodiment Includes the 
power relay 200 (first open-close means), which is 
connected to the application point PI (battery-volt- 
age supply section) of the step-up circuit 100 and 

50 is turned on and off by means of the controller 20 
(step-up circuit control means). Further, the twenty- 
seventh embodiment includes a pull-up circuit 
which includes the resistor R2 (second resistor) 
connected to the connection point P6 between the 

35 drain of the transistor Q2 (second switching ele- 
ment) and the voltage application point P2 and 
which receives the ignition voltage V|q when the ig- 
nition switch IGS is turned on. 

When the ignition switch IGS is turned on, the 

40 controller 20 serves as second element control 
means so as to turn the transistor Q1 (first switching 
element) and the transistor Q2 (second switching 
element) off simultaneously before turning the pow- 
er relay 200 on. Further, the controller 20 serves as 

45 drain voltage detection means for detecting the 
drain voltage VpiQ2 of the transistor Q1 (first switch- 
ing element) and as second failure judgment means 
for comparing the drain voltage Vp|Q2 with the ninth 
reference value X9 (second failure judgment value) 

50 so as to judge whether or not the step-up circuit 1 00 
is normal. 

As a result, the judgment as to whether or not 
the step-up circuit 100 is normal can be performed 
at the stage of initial chec]< after the Ignition switch 
55 IGS is turned on. 

(2) In the twenty-seventh embodiment, the warning 
lamp (reporting means) Is driven only when the con- 
troller 20 judges In S460 that the fourth predeter- 
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mined time T4 lias elapsed. Tin is operation can ex- 
clude tlie case in which a short failure of the tran- 
sistor Q2 is resolved within the fourth predeter- 
mined time T4. 

(3) The twenty-seventh embodiment includes the 
phase open relays 21 0 and 220 (second open-close 
means) for on-off control of supply of electrical pow- 
er to the motor 6. 

[0442] When the controller 20, serving as the second 

failure judgment means, judges that the step-up circuit 
1 00 suffers a failure, the controller 20 serves as the step- 
up circuit control means and turns the power relay 200 
and the phase open relay 210 and 220 on (see S490). 
Moreover, the controller 20 maintains the transistor Q1 
(first switching element) off continuously, and maintains 
the transistor Q2 (second switching element) on contin- 
uously (see S480). 

[0443] As a result, although assist control cannot be 
perfonned by use of boosted voltage obtained through 
step-up control for the step-up circuit 1 00, assist control 
cannot be performed at the battery voltage, and during 
regeneration periods, regenerative current can be ab- 
sorbed by the battery B. 

27-2. IVIodification of Twenty-seventh Embodiment 

[0444] FIG. 47 shows a modification of the twenty- 
seventh embodiment. The present modification is iden- 
tical to the twenty-seventh embodiment in terms of hard- 
ware configuration but differs therefrom in terms of con- 
trol routine as follows. 

[0445] That is, among the steps of the flowchart 
shown in FIG. 46, S480 to S500 are omitted. After com- 
pletion of the processing in S470, the CPU 21 ends the 
control routine. 

[0446] As a result, when the transistor Q2 suffers a 
short failure, the power relay 200 and the phase open 
relays 21 0 and 220 are not turned on, but are maintained 
off. 

[0447] This modification achieves the following effect 
in addition to the effects of the second embodiment, the 
effect of the twenty-third embodiment mentioned in sec- 
tion (3) of the description for the twenty-third embodi- 
ment, and the effects of the twenty-seventh embodiment 
mentioned in sections (1 ) and (2) of the description for 
the twenty-seventh embodiment. 

(1) In the present modification, when the CPU 21 
judges in S460 that the fourth predetermined time 
T4 has elapsed; i.e., when the transistor Q1 has suf- 
fered an open failure, the power relay 200 and the 
phase open relays 210 and 220 are not turned on, 
but are maintained off. 

[0448] Therefore, when the transistor Q2 suffers a 
short failure; i.e., when the step-up circuit 1 00 suffers a 
failure, the failsafe mechanism operates. 



28. Twenty-eighth Embodiment 

[0449] FIG. 48 is a flowchart showing control process- 
ing perfonned by the CPU 21 in the present embodi- 
5 ment. 

[0450] The present embodiment is identical to the 
twenty-seventh embodiment in temns of hardware con- 
figuration, but differs therefrom in terms of control rou- 
tine, as will be described below. 

10 [0451] That is, in place of the processing operations 
in S420C, S430, and S440C, processing operations in 
S420D, S430B, and S440D are perfonned. 
[0452] In S420D, the CPU 21 outputs a continuous on 
signal to the transistors Q1 and Q2 at the same time. In 

IS S430B, the CPU 21 detects the drain voltage \/p\G2 
the transistor Q1 and the drain voltage of the transistor 
Q2 (output voltage Vbp,q). 

[0453] In S440D, the CPU 21 judges whether the re- 
quired conditions of the drain voltage '^p\q2 ^^irig equal 
20 to or greater than a tenth reference value X^ 0 (> 0) and 
the drain voltage (output voltage) VgpiQ being equal to 
or greater than an eleventh reference value X.11 (> 0) 
are satisfied. 

[0454] The eighth reference values XI 0 and X11, 
25 which are stored in the ROI\^ 22 in advance, are values 
which are previously determined through a test or any 
other suitable method and are used to judge whether 
the transistor Q1 suffers an open failure. 
[0455] In thecase in which both the transistors Q1 and 
30 Q2 are normal, with the transistors Q1 and Q2 being 
maintained on continuously, both the drain voltages de- 
crease to zero (ground potential) even though the drain 
of the transistor Q2 is pulled up to the battery voltage. 
[0456] Therefore, when the drain voltage Vp|Q2 is less 
35 than the tenth reference value X.1 0 and the drain voltage 
(output voltage) Vqp\q is less than the eleventh refer- 
ence value X-11, the CPU 21 determines that the tran- 
sistor Q1 does not suffer an open failure and proceeds 
to S510. 

40 [0457] Meanwhile, when the transistor Q1 suffers an 
open failure, the drain voltage VpiQ2 of the transistor Q1 
and the drain voltage of the transistor Q2 (output voltage 
Vbpig) do not decrease to zero. In other words, since 
the drain voltage VpiG2 exceeds the tenth reference val- 

"^5 ue A.1 0 and the drain voltage (output voltage) VgpiQ ex- 
ceeds the eleventh reference value A.11 , the CPU 21 de- 
termines that the transistor Q1 suffers an open failure 
and proceeds to S450. 

[0458] In the present embodiment, the controller 20 
50 serves as the respective means described in relation to 
the second embodiment and further serves as status pa- 
rameter detection means, second failure judgment 
means, and second element control means. Further, the 
tenth and eleventh reference values A,1 0 and XII serve 
55 as second failure Judgment values. The resistor R2 
serves as a second resistor. 

[0459] The power relay 200 serves as first open-close 
means; and the phase open relays 210 and 220 serve 
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as second open-close means. 

[0460] The twenty-eighth embodiment achieves the 
following effects in addition to the effects of the second 
embodiment, the effects of the twenty-third embodiment 
mentioned in sections (3) to (5) of the description for the 
twenty-third embodiment, and the effect of the twenty- 
seventh embodiment mentioned In section (3) of the de- 
scription for the twenty-seventh embodiment. 

(1) The twenty-eighth embodiment includes the 
power relay 200 (first open-close means), which is 
connected to the application point P1 (battery- volt- 
age supply section) of the step-up circuit 100 and 
is turned on and off by means of the controller 20 
(step-up circuit control means). Further, the twenty- 
eighth embodiment includes a pull-up circuit which 
Includes the resistor R2 (second resistor) connect- 
ed to the connection point P6 between the drain of 
the transistor Q2 (second switching element) and 
the voltage application point P2 and which receives 
the ignition voltage V|q when the ignition switch IGS 
is turned on. 

[0461] When the Ignition switch IGS Is turned on, the 
controller 20 serves as second element control means 
so as to tum the transistor Q1 (first switching element) 
and the transistor Q2 (second switching element) on si- 
multaneously before turning the power relay 200 on. 
Further, the controller 20 serves as drain voltage detec- 
tion means for detecting the drain voltage VpiQ2 o1 the 
transistor Q1 (first switching element) and the drain volt- 
age of the transistor Q2 (output voltage Vqpiq). Further- 
more, the controller 20 serves as second failure judg- 
ment means for comparing the drain voltage Vp|Q2 with 
the tenth reference value XI 0 (second failure judgment 
value) and comparing the drain voltage (output voltage) 
Vbpig with the eleventh reference value X11 (second 
failure Judgment value) so as to Judge whether or not the 
step-up circuit 100 Is normal. 

[0462] As a result, the judgment as to whether or not 
the step-up circuit 1 00 Is normal can be performed at 
the stage of initial check after the ignition switch IGS is 
turned on. 

28-2. Modification of Twenty-eighth Embodiment 

[0463] FIG. 49 shows a modification of the twenty- 
eighth embodiment. TTie present modification is identi- 
cal to the twenty-eighth embodiment In terms of hard- 
ware configuration but differs therefrom in terms of con- 
trol routine as follows. 

[0464] That is, among the steps of the flowcliart 
shown in FIG. 48, 8480 to S500 are omitted. After com- 
pletion of the processing in S470, the CPU 21 ends the 
control routine. 

[0465] As a result, when the transistor Q2 suffers a 
short failure, the power relay 200 and the phase open 
relays 21 0 and 220 are not tumed on, but are maintained 



off. 

[0466] This modification achieves the following ef- 
fects In addition to the effects of the second embodi- 
ment, the effects of the twenty-third embodiment men- 
5 tioned in sections (3) and (4) of the description for the 
twenty-third embodiment, and the effect of the twenty- 
eighth embodiment mentioned in section (1) of the de- 
scription for the twenty-eighth embodiment. 

(1) In the present modification, when the CPU 21 
judges In S460 that the fourth predetennlned time 
T4 has elapsed; i.e., when the transistor Q1 has suf- 
fered an open failure, the power relay 200 and the 
phase open relays 210 and 220 are not turned on, 
but are maintained off. 

[0467] Therefore, when the transistor Q2 suffers a 
short failure, the failsafe mechanism operates. 



[0468] The present embodiment has the same config- 
uration as the modification of the twenty-eighth embod- 
iment, but performs a partially modified control. 
25 [0469] Specifically, as shown in FIG. 50, the process- 
ing In S440D of the control routine of the twenty-eighth 
embodiment shown in FIG. 49 has been replaced with 
processing in S440E. 

[0470] In S440E, the CPU 21 judges whether the re- 
30 quired conditions of the drain voltage Vpi^g being equal 
to or less than a twelfth reference value XI 2 (> 0) and 
the drain voltage (output voltage) \/spig toeing equal to 
or greater than a thirteen reference value XI 3 (> 0) are 
satisfied. 

35 [0471] The twelfth and thirteenth reference values 
XI 2 and XI 3, which are stored in the ROM 22 in ad- 
vance, are values which are previously determined 
through a test or any other suitable method and are used 
to judge whether the transistor Q2 suffers an open fail- 

40 ure. 

[0472] In the case In which both the transistors Q1 and 
Q2 are normal, with the transistors Q1 and Q2 being 
maintained on continuously, both the drain voltages de- 
crease to zero (ground potential) even though the drain 
45 of the transistor Q2 is pulled up to the battery voltage. 
[0473] Therefore, the conditions of the drain voltage 
Vp|Q2 being equal to or less than the twelfth reference 
value XI 2 (> 0) and the drain voltage (output voltage) 
VgpiQ being equal to or greater than the thirteen refer- 
so ence value X13 (> 0) are not satisfied. Therefore, the 
CPU 21 detemnines that the transistor Q2 is nomrial and 
proceeds to 851 0. 

[0474] Meanwhile, when the transistor Q2 suffers an 
open failure, the drain voltage Vp,Q2 of the transistor Q1 
ss decreases to zero (ground potential), and the drain volt- 
age (output voltage) \/qp\q of the transistor Q2 does not 
decrease to zero (ground potential) and is maintained 
at the battery voltage. 
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[0475] Therefore, since the drain voltage VpiQ2 
comes equal to or less than the twelfth reference value 
X12 and the drain voltage (output voltage) Vbpiq ex- 
ceeds the thirteenth reference value X13, the CPU 21 
determines that the transistor Q2 suffers an open failure, 5 
and proceeds to S450. 

[0476] In the present embodiment, the controller 20 
serves as the respective means described in relation to 
the second embodiment and further serves as status pa- 
rameter detection means, second failure judgment 10 
means, and second element control means. Further, the 
twelfth and thirteenth reference values X^2 and X^3 
serve as second failure judgment values. The resistor 
R2 serves as a second resistor. 

[0477] The power relay 200 serves as first open-close is 
means; and the phase open relays 210 and 220 serve 
as second open-close means. 

[0478] The twenty-ninth embodiment achieves the 
following effect in addition to the effects of the second 
embodiment, the effect of the twenty-third embodiment 20 
mentioned In section (3) of the description for the twen- 
ty-third embodiment, and the effect of the twenty-eighth 
embodiment mentioned in section (1) of the description 
for the twenty-eighth embodiment. 

25 

(1) In the twenty-ninth embodiment, the warning 
lamp (reporting means) is driven only when the con- 
troller 20 judges In S460 that the fourth predeter- 
mined timeT4 has elapsed. This operation can ex- 
clude the case in which an open failure of the tran- 30 
sistor Q2 is resolved within the fourth predeter- 
mined time T4. 

[0479] Note that the embodiments of the present in- 
vention may be modified as follows. 35 

(a) In the embodiments, a motor control signal is 
produced on the basis of steering torque x and ve- 
hicle speed V. l-lowever, the motor control signal 
may be produced on the basis of steering torque x ^o 
only. 

(b) In the seventh to ninth embodiments, the CPU 
21 determines the load state of the motor 6 on the 
basis of steering torque t. However, these embod- 
iments may be modified in such a manner that the 45 
CPU 21 detennlnes the load state of the motor 6 on 
the basis of q-axis command current Iq* (motor con- 
trol signal) set by means of the command cun-ent 
setting section 54. 

In this case, the controller 20, serving as load 50 
state judgment means, determines the load state of 
the motor 6 on the basis of the q-axis command cur- 
rent Iq* (motor control signal). 

(c) In the seventh to ninth embodiments, a DC 
brushless motor is used for the motor 6. However, ss 
a DC brush motor may be used for the motor 6. In 
this case, the CPU 21 is modified in such a manner 
that an assist command current computation sec- 



tion and a current control section, both being well 
known, are provided in stages subsequent to the 
addition section 53. The assist command current 
computation section computes an assist command 
current value (motor control signal) on the basis of 
a command torque t*. The current control section 
performs PWM computation in such a manner that 
the detected motor current becomes equal to the 
assist command current value. In accordance with 
the result of the computation, the motor 6 is driven 
via a conventional drive circuit for driving a brush 
motor. 

When such a brush motor is used, the load 
state of the motor 6 may be determined on the basis 
of the above-mentioned assist command current 
value. 

In this case, the controller 20, serving as load 
state judgment means, determines the load state of 
the motor 6 on the basis of the assist command cur- 
rent value (motor control signal). 

(d) In the first trough fourteenth embodiments, the 
CPU 21 performs PID control for the step-up circuit 
100 by means of the PID control section 120. How- 
ever, these embodiments may be modified in such 
a manner that, in place of the PID control section, 
a PI control section is provided In order to perform 
PI control for the step-up circuit 100. 

The PI control section performs proportional (P) 
and integral (I) processing in order to decrease the 
difference between a target output voltage (20 V in 
the embodiments) and the output voltage Vqpiq de- 
tected by the A/D conversion section 150, and cal> 
culates the controlled variable of the transistors Q1 
and Q2. On the basis of the controlled variable com- 
puted by means of the PI control section, the PWM 
computation section 130 computes a duty ratio a 
corresponding to the controlled variable, which is 
then converted to duty-ratio drive signals to be ap- 
plied to the transistors Q1 and Q2 of the step-up 
circuit 100. 

(e) In the first trough fourteenth embodiments, the 
CPU 21 performs PID control for the step-up circuit 
1 00 by means of the PID control section 1 20. How- 
ever, these embodiments may be modified in such 
a manner that, in place of the PID control section, 
a PD control section is provided in order to perform 
PD control for the step-up circuit 1 00. 

The PD control section performs proportional 
(P) and differential (D) processing in order to de- 
crease the difference between a target output volt- 
age (20 V in the embodiments) and the output volt- 
age VgpiQ detected by the A/D conversion section 
150, and calculates the controlled variable of the 
transistors Q1 and Q2. On the basis of the control- 
led variable computed by means of the PI control 
section, the PWM computation section 130 com- 
putes a duty ratio a corresponding to the controlled 
variable, which is then converted to duty-ratio drive 
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signals to be applied to the transistors Q1 and Q2 
of the step-up circuit 1 00. 

(f) In the sixth, ninth, and fifteenth embodinnents, du- 
ty ratio restriction is empioyed for PWM control of 
switching elements in order to prevent the duty ratio 
from exceeding a predetermined limit. However, 
such duty ratio restriction may be employed in other 
embodiments. In such a case, the guard function 
section 1 40 is provided in order to restrict duty ratio, 
to thereby prevent breakage of the step-up circuit 
1 00 in both power generation and regeneration pe- 
riods. 

(g) In the first through fourteenth embodiments, the 
CPU 21 performs RID control for the step-up circuit 
1 00 by means of the PID control section 1 20. How- 
ever, these embodiments may be modified in such 
a manner that, in place of the PID control section, 
a P control section is provided in order to perfonn 
P control for the step-up circuit 1 00. 

The P control section performs proportional (P) 
processing in order to decrease the difference be- 
tween a target output voltage (20 V in the embodi- 
ments) and the output voltage VgpiQ detected by the 
A/D conversion section 1 50, and calculates the con- 
trolled variable of the transistors Q1 and Q2. On the 
basis of the controlled variable computed by means 
of the PI control section, the PWM computation sec- 
tion 130 computes a duty ratio a corresponding to 
the controlled variable, which is then converted to 
duty-ratio drive signals to be applied to the transis- 
tors Q1 and Q2 of the step-up circuit 1 00. 

(h) In the sixteenth to twenty-ninth embodiments, 
when the step-up circuit 100 is in an anomalous 
state, the waming lamp is turned on in accordance 
with a warning signal. However, these embodi- 
ments may be modified in such a manner that a no- 
tification signal Is output not only to the warning 
lamp but also to other reporting means such as a 
buzzer or display in order to produce a beep or to 
display a warning message. 

(1) In the sixteenth to twenty-ninth embodiments, 
when the step-up circuit 100 is in an anomalous 
state, the waming lamp is turned on after elapse of 
a predetermined period of time (first predetermined 
time T1 to fourth predetermined time T4). However, 
the warning lamp may be turned on immediately af- 
ter detection of an anomalous state, 
(j) In the sixteenth to twenty-ninth embodiments, the 
step-up circuit 100 is judged to be in an anomalous 
state when a predetemnlned period of time (first pre- 
determined time T1 to fourth predetemnlned time 
T4) has elapsed after judgment in the relevant step 
(S10, S10A, S110, S120, S130, S210, S260). 

[0480] However, these embodiments may be modi- 
fied in such a manner that the CPU 21 tums on the warn- 
ing lamp or perfomns other necessary steps in order to 
cope with an anomalous state of the step-up circuit 1 00, 



as described in the respective embodiments, immedi- 
ately after the anomalous judgment in the respective 
steps, without waiting for elapse of the predetermined 
period of time (first predetermined time T1 to fourth pre- 

5 determined time T4). 

[0481] Obviously, numerous modifications and varia- 
tions of the present invention are possible in light of the 
above teachings. It is therefore to be understood that 
within the scope of the appended claims, the present 

10 invention may be practiced otherwise than as specifical- 
ly described herein. 

Claims 

15 

1 . A motor-driven power steering apparatus for a ve- 
hicle, comprising: 



a steering mechanism for steering the vehicle 
20 in accordance with operation of a steering 

wheel; 

a motor mechanically coupled to the steering 
mechanism and generating assisting force to 
be imparted to the steering mechanism; 

25 control signal generation means for generating 

a motor control signal on the basis of at least 
steering torque applied to the steering wheel; 
motor drive means for driving the motor in ac- 
cordance with the motor control signal; 

30 a step-up circuit provided in a current supply 

circuit extending from a battery to the motor 
drive means, the step-up circuit including a 
step-up coil whose one end is connected to the 
battery for reception of battery voltage, a first 

35 switching element connected between the oth- 

er end of the step-up coil and the ground, a sec- 
ond switching element connected between the 
other end of the step-up coil and an output ter- 
minal, and a capacitor connected between the 

40 output terminal and the ground and smoothing 

output voltage which is produced by means of 
the step-up coil and appears at the output ter- 
minal; and 

step-up circuit control means for detecting the 
45 output voltage and controlling the first and sec- 

ond switching elements on the basis of differ- 
ence between a target output voltage and the 
detected output voltage in such a manner that 
during power generation periods, at least the 
50 first switching element Is turned on and off in 

order to increase the output voltage supplied to 
the motor through step-up operation, and dur- 
ing regeneration periods, at least the second 
switching element is turned on and off. 

55 

2. A motor-driven power steering apparatus according 
to claim 1 , wherein the first and second switching 
elements are each constituted by a field effect tran- 
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sistor. 

3. A motor-driven power steering apparatus according 
to claim 1 , wherein the step-up circuit control means 
turns the first and second switching elements on 5 
and off alternately on the basis of the difference be- 
tween the target output voltage and the detected 
output voltage in such a manner that during power 
generation periods, the output voltage supplied to 
the motor is increased through step-up operation, io 
and during regeneration periods, regenerative cur- 
rent output from the motor flows to the battery. 

4. A motor-driven power steering apparatus according 

to claim 2, wherein the step-up circuit control means '5 
turns the first and second switching elements on 
and off alternately on the basis of the difference be- 
tween the target output voltage and the detected 
output voltage in such a manner that during power 
generation periods, the output voltage supplied to 20 
the motor Is increased through step-up operation, 
and during regeneration periods, regenerative cur- 
rent output from the motor flows to the battery. 

5. A motor-driven power steering apparatus according ss 
to claim 1 , further comprising: 

steering state judgment means for determining, 
on the basis of the difference between the tar- 
get output voltage and the detected output volt- 30 
age, whether the motor is in a power generation 
state or in a regeneration state, wherein 
the step-up circuit control means turns at least 
one of the first and second switching elements 
on and off on the basis of the state of the motor 55 
determined by the steering state judgment 
means. 

6. A motor-driven power steering apparatus according 

to claim 2, further comprising: 40 

steering state judgment means for determining , 
on the basis of the difference between the tar- 
get output voltage and the detected output volt- 
age, whetherthe motor is In a power generation 
state or in a regeneration state, wherein 
the step-up circuit control means turns at least 
one of the first and second switching elements 
on and off on the basis of the state of the motor 
determined by the steering state judgment so 
means. 

7. A motor-driven power steering apparatus according 
to claim 5, wherein the step-up circuit control means 
turns only the first switching element on and off 
when the steering state judgment means deter- 
mines that the motor is in a power generation state, 
and turns the first and second switching elements 



on and off alternately when the steering state judg- 
ment means determines that the motor is in a re- 
generation state. 

8. A motor-driven power steering apparatus according 
to claim 5, wherein the step-up circuit control means 
turns only the first switching element on and off 
when the steering state judgment means deter- 
mines that the motor is in a power generation state, 
and tu ms only the second switching element on and 
off when the steering state judgment means deter- 
mines that the motor is in a regeneration state. 

9. A motor-driven power steering apparatus according 
to claim 5, wherein the step-up circuit control means 
turns the first and second switching elements on 
and off alternately when the steering state judgment 
means determines that the motor is In a power gen- 
eration state, and turns only the second switching 
element on and off when the steering state judg- 
ment means determines that the motor is in a re- 
generation state. 

10. A motor-driven power steering apparatus according 
to claim 6, further comprising a bootstrap circuit in- 
cluding a bootstrap capacitor and connected to a 
line extending between the battery and the drain of 
the first switching element, the bootstrap circuit be- 
ing connected to a gate of the second switching el- 
ement as a drive power source for the second 
switching element in order to apply electrical poten- 
tial of the bootstrap capacitor to the gate of the sec- 
ond switching element, wherein when the steering 
state judgment means determines that the motor is 
in a power generation state, the step-up circuit con- 
trol means turns the first and second switching ele- 
ments on and off alternately; and when the steering 
state judgment means determines that the motor is 
In a regeneration state, the step-up circuit control 
means turns the second switching element on and 
off and turns the first switching element on and off 
at a predetermined duty ratio in alternating periods 
of constant intervals. 

11 . A motor-driven power steering apparatus according 
to claim 6, further comprising a bootstrap circuit in- 
cluding a bootstrap capacitor and connected to a 
line extending between the battery and the drain of 
the first switching element, the bootstrap circuit be- 
ing connected to a gate of the second switching el- 
ement as a drive power source for the second 
switching element in order to apply electrical poten- 
tial of the bootstrap capacitor to the gate of the sec- 
ond switching element, wherein when the steering 
state judgment means detemriines that the motor Is 
in a power generation state, the step-up circuit con- 
trol means turns the first and second switching ele- 
ments on and off alternately; and when the steering 
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state judgment means determines that the motor is 
in a regeneration state, the step-up circuit control 
means performs PWM control In order to turn only 
the second switching element on and off at a duty 
ratio and restricts the duty ratio so as not to exceed 5 
a predetermined duty ratio. 

1 2. A motor-driven power steering apparatus according 
to claim 6, further comprising load state judgment 
means for determining a load status of the motor, io 
wherein 

the step-up circuit control means turns at least 
one of the first and second switching elements on 
and off on the basis of the steering state as detected 
by the steering state judgment means and the load is 
state of the motor as detemiined by the load state 
judgment means. 

13. A motor-driven power steering apparatus according 

to claim 12, wherein when the steering state judg- 20 
ment means determines that the motor is in a power 
generation state, the step-up circuit control means 
turns only the first switching element on and off and 
maintains the second switching element off contin- 
uously if the load state judgment means determines 2S 
that the motor is In a light load state, and turns the 
first and second switching elements on and off al- 
ternately if the load state judgment means deter- 
mines that the motor is in a heavy load state; and 
when the steering state judgment means deter- 30 
mines that the motor is in a regeneration state, the 
step-up circuit control means turns only the second 
switching element on and off. 

1 4. A motor-driven power steering apparatus according 35 
to claim 12, further comprising a bootstrap circuit 
including a bootstrap capacitor and connected to a 
line extending between the battery and the drain of 
the first switching element, the bootstrap circuit be- 
ing connected a gate of the second switching ele- 40 
ment as a drive power source for the second switch- 
ing element in order to apply electrical potential of 
the bootstrap capacitor to the gate of the second 
switching element, wherein when the steering state 
judgment means determines that the motor Is in a 
power generation state, the step-up circuit control 
means turns only the first switching element on and 

off and maintains the second switching element off 
continuously if the load state judgment means de- 
termines that the motor is In a light load state, and so 
turns the first and second switching elements on 
and off alternately if the load state judgment means 
determines that the motor Is in a heavy load state; 
and when the steering state judgment means deter- 
mines that the motor is in a regeneration state, the ss 
step-up circuit control means turns the second 
switching element on and off and turns the first 
switching element on and off at a fixed duty ratio in 



alternating periods of constant intervals. 

15. A motor-driven power steering apparatus according 
to claim 12, further comprising a bootstrap circuit 
including a bootstrap capacitor and connected to a 
line extending between the battery and the drain of 
the first switching element, the bootstrap circuit be- 
ing connected a gate of the second switching ele- 
ment as a drive power source for the second switch- 
ing element in order to apply electrical potential of 
the bootstrap capacitor to the gate of the second 
switching element, wherein when the steering state 
judgment means determines that the motor is in a 
power generation state, the step-up circuit control 
means turns only the first switching element on and 
off and maintains the second switching element off 
continuously if the load state judgment means de- 
termines that the motor is in a light load state, and 
turns the first and second switching elements on 
and off alternately if the load state Judgment means 
determines that the motor is in a heavy load state; 
and when the steering state judgment means deter- 
mines that the motor is in a regeneration state, the 
step-up circuit control means performs PWM con- 
trol in order to turn only the second switching ele- 
ment on and off at a duty ratio and restricts the duty 
ratio so as not to exceed a predetermined duty ratio. 

16. A motor-driven power steering apparatus according 
to claim 6, further comprising a bootstrap circuit in- 
cluding a bootstrap capacitor and connected to the 
drain of the second switching element, the boot- 
strap circuit being connected a gate of the second 
switching element as a drive power source for the 
second switching element in order to apply electri- 
cal potential of the bootstrap capacitor to the gate 
of the second switching element, wherein when the 
steering state judgment means determines that the 
motor is in a power generation state, the step-up 
circuit control means turns the first and second 
switching elements on and off alternately; and when 
the steering state judgment means determines that 
the motor is in a regeneration state, the step-up cir- 
cuit control means turns only the second switching 
element on and off. 

17. A motor-driven power steering apparatus according 
to claim 1 , wherein the step-up circuit control means 
includes: 

target output voltage setting means for setting 
a target output voltage of the step-up circuit; 
control computation means for performing at 
least computation for proportional control on 
the basis of the difference between the target 
output voltage and the detected output voltage 
and for outputting a computed value; and 
PWM computation means forperfomrjing PWM 
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computation on the basis of the computed val- 
ue so as to determine a duty ratio, wherein 
the first and second switching elements are 
turned on and off in accordance with the deter- 
mined duty ratio; and 

the target output voltage setting means chang- 
es the target output voltage in accordance with 
an operation state parameter indicative of an 
operation state of the vehicle or the motor. 

1 8. A motor-driven power steering apparatus according 
to claim 1 , wherein the step-up circuit control means 
includes: 

target output voltage setting means for setting 
a target output voltage of the step-up circuit; 
control computation means for perfomning at 
least computation for proportional control on 
the basis of the difference between the target 
output voltage and the detected output voltage 
and for outputting a computed value; and 
PWM computation means for performing PWM 
computation on the basis of the computed val- 
ue so as to determine a duty ratio, wherein 
the first and second switching elements are 
turned on and off in accordance with the deter- 
mined duty ratio; and 

the step-up circuit control means restricts the 
duty ratio so as not to exceed a predetermined 
duty ratio. 

1 9. A motor-driven power steering apparatus according 
to claim 1 , further comprising: 

status parameter detection means for detecting 
a parameter indicative of states of the step-up 
circuit; and 

judgment means for comparing the parameter 
detected by the status parameter detection 
means with a judgment value and judging 
whether or not the step-up circuit is normal, 
wherein 

the step-up circuit control means stops step-up 
control for the step-up circuit when the judg- 
ment means judges that the step-up circuit is 
not normal. 

20. A motor-driven power steering apparatus according 
to claim 1 9, further comprising: 



control means turns the first and second open- 
close means off. 

21 . A motor-driven power steering apparatus according 
5 to claim 19, wherein when the judgment means 

judges that the step-up circuit suffers a failure, the 
step-up circuit control means maintains the first 
switching element off continuously and maintains 
the second switching element on continuously. 

22. A motor-driven power steering apparatus according 
to claim 2, further comprising: 

first open-close means connected to a battery- 
voltage supply section of the step-up circuit and 
turned on and off by the step-up circuit control 
means; and 

a circuit which includes a first resistor connect- 
ed to a connection point between the drain of 

the first switching element and the battery-volt- 
age supply section and which receives an igni- 
tion voltage when an ignition switch is turned 
on, wherein the step-up circuit control means 
Includes: 

first element control means, operated 
when the ignition switch is turned on, for 
turning at least the first switching element 
on or off before the first open-close means 
is turned on; 

drain voltage detection means for detect- 
ing drain voltage of the first or second 
switching element; and 
first failure judgment means for comparing 
the drain voltage with a first failure judg- 
ment value and detennining whether the 
step-up circuit suffers a failure. 

23. A motor-driven power steering apparatus according 
to claim 22, further comprising: 

second open-close means for controlling sup- 
ply of electrical power to the motor, wherein 
when the first failure judgment means judges 
that the step-up circuit suffers a failure, the 
step-up circuit control means turns the first and 
second open-close means off. 

24. A motor-driven power steering apparatus according 
so to claim 22, further comprising: 

second open-close means for controlling sup- 
ply of electrical power to the motor, wherein 
when the first failure judgment means judges 
that the step-up circuit suffers a failure, the 
step-up circuit control means turns the first and 
second open-close means on, maintains the 
first switching element off continuously, and 



first open-close means connected to a battery- 
voltage supply section of the step-up circuit and 
turned on and off by the step-up circuit control 
means; and 

second open-close means for controlling sup- ss 
ply of electrical power to the motor, wherein 
when the judgment means judges that the step- 
up circuit suffers a failure, the step-up circuit 
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maintains the second switching element on 
continuously. 

25. A motor-driven power steering apparatus according 
to claim 2, further comprising: 5 

first open-close means connected to a battery- 
voltage supply section of the step-up circuit and 
turned on and off by the step-up circuit control 
means; io 
a circuit which includes a second resistor con- 
nected to the drain of the second switching el- 
ement and which receives an ignition voltage 
when an ignition switch is turned on, wherein 
the step-up circuit control means includes: is 



second element control means, operated 
when the Ignition switch is tumed on, for 
turning the first and second switching ele- 
ments on simultaneously, turning the first 20 
and second switching elements off simul- 
taneously, or turning the first switching el- 
ement off and the second switching ele- 
ment on, before the first open-close means 
is tumed on; 

drain voltage detection means for detect- 
ing drain voltage of at least the first switch- 
ing element; and 

second failure Judgment means for com- 
paring the drain voltage with a second fail- 30 
ure Judgment value and determining 
whetherthe step-up circuit suffers a failure. 



26. A motor-driven power steering apparatus according 



second open-close means for controlling sup- 
ply of electrical power to the motor, wherein 
when the second failure judgment means judg- 
es that the step-up circuit suffers a failure, the 40 
step-up circuit control means turns the first and 
second open-close means off. 

27. A motor-driven power steering apparatus according 
to claim 25, further comprising: ^5 

second open-close means for controlling sup- 
ply of electrical power to the motor, wherein 
when the second failure judgment means judg- 
es that the step-up circuit suffers a failure, the so 
step-up circuit control means turns the first and 
second open-close means on, maintains the 
first switching element off continuously, and 
maintains the second switching element on 
continuously. ss 



to claim 25, further comprising: 
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